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During 1986 soil contaminated with high concentrations of herbicides 
from drainage of wastewater was excavated and applied to an adjacent field in 
an effort to stimulate degradation of the pesticides. The field was divided into 
two plots that were planted with com or soybeans. As a continuation of this 
earlier study, part of the current project focused on monitoring herbicide 
residues in the land-applied soil during a second growing season. After two 
years of monitoring herbicide persistence and biological activity in the plots, 
it was concluded that prolonged persistence of herbicide residues in soil and 
crop phytotoxicity are potential problems with land application of herbicide 
waste. 
To improve the prospects for use of land application as a remediation 
tool and the possibility of augmenting biodegradation of pesticide wastes in 
soil, a series of laboratory experiments were designed to explore 
microbiological aspects of the persistence of high concentrations of 
herbicides in soil. Most of the studies focused on the alachlor, which is an 
acetanilide herbicide used in corn and soybeans. In laboratory experiments, 
alachlor was not degraded after simulated spills of 1000 ppm or 10,000 ppm. In 
contrast, 10 ppm and 100 ppm doses of alachlor were partially degraded into 
water-soluble metabolites Technical-grade alachlor and an emulsifiable 
concentrate formulation were metabolized similarly. Microbial populations 
and dehydrogenase activity in soil were reduced upon exposure to 1000 ppm or 
10,000 ppm alachlor, and lack of degradation of these high concentrations was 
attributed to microbial toxicity from alachlor itself rather than additives in its 
formulation. Amendment of soils with ground corn or soybean stubble 
enhanced the dissipation of alachlor at a concentration of 100 ppm but not at 
1000 ppm. Aged residues of alachlor at a concentration of 100 ppm degraded in 
soil as fast as or faster than an equal concentration of freshly applied 
herbicide. Inoculation of soil with a Fusarium sp isolate that could 
cometabolically degrade alachlor did not enhance the biodegradation of a 100 
ppm dose. Future attempts at bioremediation of herbicide wastes in soil should 
focus on the use of biostimulation with nutrient amendments and extending 






Land application of pesticide wastes has been proposed as a cleanup and 
detoxification method for highly contaminated soils at agrochemical retail 
facilities. If proven feasible, land application technology would be more cost 
effective than landfilling and would be more likely to result in detoxification 
of the waste. As a follow-up to a pilot study on the feasibility of land 
application of herbicide waste, this project investigated several problems with 
land application. In addition, this project tested the capability of adapted 
microorganisms in combination with organic amendments to enhance the 
detoxification of herbicide waste in soil. 
For two years, the persistence of herbicide waste discharged into soil by 
the Galesville Chemical Company was studied in excavated waste-piles and after 
land-application of waste-pile soil to nearby com and soybean plots. For 
comparison, field plots were also sprayed with a herbicide mixture containing 
the same proportions of the components in the waste-pile soils. Alachlor was 
the most prevalent constituent in the waste-piles followed by atrazine, 
metolachlor, and trifluralin The amount of soil applied to the plots was 
equivalent to an alachlor application of 3.4, 8.4, and 16.8 kg/ha (i e, IX, 2.5X, 
and 5X the recommended application rate for alachlor) 
In laboratory experiments, contaminated soil from waste-piles was 
mixed with uncontaminated soil to simulate the dilution effect of land 
application. Herbicide spills were simulated in the laboratory by applying up 
to 10,000 ppm of formulated herbicides to soil and monitoring the effects on 
microbial activity and herbicide degradation. 
In other studies, the degradation of the most prevalent waste 
constituent, alachlor, was studied using radiolabeled material incorporated 
into technical grade alachlor and an emulsifiable concentrate formulation. A 
screening protocol was developed to enrich, isolate, and culture alachlor­
degrading microorganisms. Organic amendments including corn, soybean, 
and soybean plus nitrogen were added to soil with or without a fungal 
inoculum in an attempt to augment the detoxification of a 100 ppm and 1000 
ppm dose of alachlor 
By 380 days after application of herbicide-contaminated soil and fresh 
herbicide sprays to corn and soybean plots, significantly more alachlor and 
metolachlor were recovered from the top 15 em of subplots that received the 
contaminated soil than from subplots that were freshly sprayed This 
prolonged persistence of alachlor and metolachlor was evident 700 days after 
initiation of the experiment At the 15-30 em depth, alachlor and metolachlor 
persistence also tended to be longer in the subplots treated with waste-pile soil 
than in those treated with a surface spray. 
After falling by over 50% during the first four months after site 
excavation, alachlor residues in waste-pile soil stabilized over the next 1 5 
years. Metolachlor and trifluralin residues showed no clear trend for 
degradation in the waste-piles. Atrazine, however, did degrade significantly 
During crop year 1986, soybeans were injured by the soil and herbicide 
spray treatments at the 5X rate of application, but no injury occurred in crop 
year 1987 In phytotoxicity assays conducted in a greenhouse~ soybeans and 
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com were injured when grown in waste-pile soil collected during 1986 but not 
in soil collected during 1988. Weed populations were significantly reduced by 
treatment of field plots with waste-pile soil Weed seedlings were also 
inhibited in phytotoxicity assays. 
Dilution of waste-pile soil in laboratory shake flasks by 10 or 50% with 
uncontaminated soil failed to stimulate the degradation of alachlor or 
metolachlor in 42 days. Alachlor and metolachlor seemed to degrade slowly 
after 90% dilution by uncontaminated soil. In simulated spill experiments, 
10,000 ppm each of alachlor, metolachlor, atrazine, and trifluralin did not 
degrade within one year after application to uncontaminated soil from the 
soybean plot at Galesville. In contrast, 10 ppm concentrations of the 
herbicides degraded by over 80%. 
In an experiment with radiolabeled alachlor, a 1000 ppm dose in soil was 
not metabolized in 28 days. Nearly 75% and 25% of a 10 ppm and 100 ppm dose 
respectively were metabolized into a combination of organosoluble, water 
soluble, and unextractable compounds. Approximately 15% and 8% of the 
initial 10 and 100 ppm dose, respectively, were recovered as water soluble 
metabolites. Similar results were obtained whether alachlor was applied to the 
soil as technical grade material in acetone or as an emulsifiable concentrate in 
water. 
Bacterial and fungal populations were significantly lower in waste-pile 
soils than in adjacent soybean plots. Dehydrogenase soil enzyme activity was 
also sharply reduced in waste-pile soil. Similar results were noted in soils 
treated at a rate of 1000 ppm and 10,000 ppm alachlor. No reduction in enzyme 
activity was seen with a 10 ppm or 100 ppm rate of application. Since alachlor 
degradation was not affected by formulation, alachlor may have been directly 
toxic to microorganisms at concentrations larger than 100 ppm. 
Amendment of soil with ground com stubble, soybean stubble, or 
soybean stubble plus extra nitrogen enhanced the biodegradation of alachlor 
in soil at a concentration of 100 ppm but not at a concentration of 1000 ppm 
Inoculation of soil with a fungus (Fusarium sp.) that could cometabolically 
degrade 75% of a 100 ppm dose within 14 days in liquid culture did not enhance 
the degradation of alachlor. Aged alachlor residues (laO ppm) were degraded 
in com-amended soil as fast as or faster than freshly applied alachlor 
residues. Sterilization unamended and corn-amended soils significantly 
slowed the rate of alachlor loss and suggested that the microflora resident in 
the soil and/or on the corn stubble itself, rather than the fungal inoculum, 
were largely responsible for removal of alachlor. 
In conclusion, problems with land application for cleanup and 
detoxification of herbicide waste include the potential for prolonged 
persistence of some compounds and the potential for crop phytotoxicity 
depending on the mixture of pesticides present in the waste. Microorganisms 
were isolated that rapidly detoxified individual components of the waste, but 
their utility was limited when concentrations were very high. Degradation of 
moderately high concentrations of the herbicide alachlor was enhanced by 
amending soil with com or soybean stubble. The results of this study 
suggested that a combination of land application with the addition of organic 
nutrients may augment the degradation of pesticides in contaminated soils. 
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1.0 PROBLEM BACKGROUND 
An estimated 1500 agrochemical retail outlets are located throughout 
Illinois. Incidental spillage of product during mixing, loading, and clean-out 
operations is common and results in the accumulation of hazardous chemicals. 
The Illinois EPA receives dozens of complaints each year about runoff from 
agrochemical facilities, which can kill fish or damage vegetation on 
neighboring properties. In some cases, groundwater has become 
contaminated with a variety of herbicides and insecticides (Long 1988) 
Ideally, agrochemical retailers should design and construct facilities to 
contain spills and recycle waste pesticides. Some facilities, however, are 
already contaminated and need cleanup. Excavation and landfilling, the usual 
methods of soil remediation, are expensive and do not address the problem of 
chemical detoxification. More permanent solutions would involve 
decontamination by land application, chemical treatment, or biological 
treatment. 
During FY 1987, we investigated the feasibility of cleaning up 
herbicide-contaminated soils at the Galesville Chemical Co. (GCC) by land­
applying the soils to adjacent com and soybean fields (Felsot et al 1988) In 
1984, the Illinois Environmental Protection Agency (IEPA) found soil along a 
railroad-right-of-way at the GeC facility to be contaminated to a depth of 1 
meter with unacceptably high levels of herbicides. The herbicides were 
discharged to this area as a waste stream arising from the mixing, loading, and 
cleaning operations of GCC. Pesticide residues were detected in ditches lining 
the streets of the town, and trace levels were detected in two water wells. IEPA 
ordered excavation and clean-up of the site. 
To avoid hauling contaminated soil to a municipal landfill and obtaining 
a special waste permit, we collaborated with IEPA and the management of GCe 
to determine the feasibility of disposal by land-applying it to plots on an 
adjacent farm. The soils were excavated and stored on the ground in four piles 
coded as waste-pile soil numbers 1 through 4 Replicated samples of soil were 
periodically collected from the piles to monitor herbicide residues. 
After application of contaminated soil to soybean and corn plots 
established in an adjacent field, herbicide residues were monitored in the soil 
for 140 days and in the harvested grain. Phytotoxicity against the crop and 
weeds was also determined. Plots freshly sprayed with herbicides in amounts 
similar to those applied with the contaminated soil served as experimental 
controls for comparison to herbicide persistence and phytotoxicity in waste­
treated plots. 
The use of land application to cleanup pesticide contaminated soil at 
Galesville was limited by several problems. First, some phytotoxicity was noted 
against soybeans. The contaminated soil contained a mixture of herbicides, 
including alachlor, atrazine, metolachlor, and trifluralin Alachlor and 
atrazine were the most prevalent constituents, but only alachlor and 
metolachlor are registered by the U.S. EPA for use on both com and soybeans 




A second problem was the lack of a definitive trend toward 
decomposition of alachlor and metolachlor in the waste-pile soils and in the 
field plots over a 140 day period. These observations contradicted prevailing 
ideas about rapid degradability of these pesticides. Other researchers have 
shown that alachlor, metolachlor, and trifluralin are rapidly biodegraded 
within several months after application (Baker and Johnson 1979, Walker and 
Brown 1985, Savage 1973, 1978, Braverman et al. 1986). Atrazine is known to be 
chemically hydrolyzed to hydroxyatrazine, which is then rapidly biodegraded 
(Armstrong et al. 1967, Skipper and Volk 1972). Nevertheless, the half-life of 
atrazine is usually less than 2 months (Baker and Johnson 1979, Avidov et al. 
1986). Most studies have employed permeable soils with low organic carbon 
contents. Few studies of alachlor or the other herbicides have been conducted 
in the high organic matter, low to moderately permeable soils characteristic of 
central Illinois One study did describe alachlor persistence with a half-life of 
1 to 3 weeks in a silt loam from Iowa (Baker and Johnson 1979), but this rate of 
degradation was much shorter than the trend that we had observed in our 
land-application experiments (Felsot et al 1988). 
Extreme variability in the pesticide residue data from Galesville 
precluded a prediction of the long-term persistence of the herbicide residues 
in waste-pile soils and field plots. Fortunately, herbicide residues were 
infrequently found in grain samples, and the amounts detected were well 
below established tolerance levels. Also, soybean yield in plots treated with 
contaminated soil did not seem affected by the phytotoxicity that was evident 
earlier in the growing season 
Overall, our pilot study during FY 1987 showed that land application of 
pesticide contaminated soil had some limitations. More importantly the 
seemingly prolonged persistence of the herbicides in the waste piles and the 
field plots meant that landfilling of pesticide-contaminated soil probably 
amounted to nothing more than storage of waste. 
After reviewing the literature on pesticide wastes, we developed several 
hypotheses to explain the prolonged persistence of the herbicides at 
Galesville. Other researchers have shown that high concentrations of 
pesticides (e.g, atrazine, 2,4-D, parathion, trifluralin) are not biodegraded as 
quickly as lower concentrations (Wolf et al. 1973, Staiff et al. 1975, Davidson et 
al. 1980, Shoen and Winterlin 1987). High concentrations of pesticides can 
adversely affect microbial populations, but the effect is pesticide specific. For 
example, parathion and 2,4-D at levels of 1000 ppm reduced bacterial, fungal, 
and actinomycete populations, but atrazine and trifluralin had little effect 
other than stimulation of populations (Wolf et al. 1973, Davidson et al. 1980) 
Perhaps, like parathion (Davidson et al. 1980), high concentrations of alachlor 
and metolachlor can adversely affect microbial activity but comparatively 
lower concentrations have little effect Thus, in our land application study, 
the microbial activity in the waste-pile soils may have been substantially 
lower than that of the field soil. 
An alternative but complementary explanation for the lack of herbicide 
degradation in contaminated soil is the unavailability of aged pesticide 
residues for microbial uptake as a result of a more intense adsorption in the 
soil compared to freshly sprayed pesticide Herbicide residues during the pilot 
study at Galesville dissipated faster in freshly sprayed plots than in plots that 
received contaminated soil. As the residence time of a pesticide in soil 
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increases, the adsorption potential also seems to increase (McCall et aI. 1985). 
Recently, the extreme persistence for 19 years of detectable levels of EDB (1,2­
dibromoethane) in a Connecticut soil was attributed to intraparticle adsorption 
as the EDB aged in the soil (Steinberg et al. 1987). 
Two problems are associated with prolonged persistence of pesticides in 
the field. First, if the chemical residues are high in the fall, then these are 
likely to remain without further degradation during the winter. The residue 
levels would be relatively high during the following spring when fresh 
herbicide is applied for the new cropping season. Such high levels, commonly 
known as carryover, could cause phytotoxicity to a new crop, especially if the 
herbicide was not registered for that crop. 
A second concern with prolonged pesticide persistence is the greater 
risk of leaching below the root zone and possible migration to groundwater 
(Cohen et aI. 1984) Although pesticide contamination of groundwater is 
viewed as nonpoint source pollution (Williams et al. 1988, Halberg 1986), 
pesticides in landfilled waste soil may leach just as easily as pesticides in 
freshly sprayed soil. In leaching studies with normal and high 
concentrations of pesticides, the breakthrough curves for high 
concentrations were shifted to the left of those for normal concentrations, 
indicating that the rate of pesticide leaching was greater for high 
concentrations (Davidson et al. 1980). Pertinently. Long (1989) observed 
extremely high levels of pesticides in wells at several agrochemical retail 
facilities in Illinois 
Given the potential problems with either landfilling pesticide wastes or 
land-applying them as a general practice, it becomes desirable to explore 
clean-up technologies that could detoxify (i.e, degrade) the waste either in­
situ or after it has been moved. As an alternative to remediation by land 
application, the use of microorganisms and biological systems to 
decontaminate chemical wastes has recently received attention because it is 
relatively less expensive and ecologically more desirable than traditional 
physicochemical methods of waste disposal (Finn, 1983, McCormick, 1985, 
Saxena et a1. 1986). 
Adapted whole-cell microbial cultures and microbial enzyme systems 
have been assessed for the ability to degrade insecticide wastes and spills of 
parathion (Barik and Munnecke 1982, Munnecke 1980), diazinon (Barles et al 
1979, Honeycutt et a1. 1984), coumaphos (Karns et a1. 1987), and toxaphene 
(Mirsatari et a1. 1987). Mixtures of insecticides have not been studied. 
Nutrient-containing materials such as manure, blood meal, or corn meal have 
been added to soil along with a microbial inoculum to enhance biodegradation 
of the recalcitrant insecticide toxaphene (Brosten 1986). 
Detoxification of herbicide wastes has not been given as much attention 
as insecticides. High concentrations of the herbicides 2,4-D and 2,4,5-T have 
been studied at storage sites and when mixed into field plots (Young 1984) 
More than 2 years was required for degradation of 2,4-D to less than 10% of 
levels initially added to soil. Residues resulting from spills at storage sites 
were even more persistent Interestingly, successive applications of normal 
field concentrations of 2,4-D have been shown to condition soil microbial 
populations for its rapid biodegradation (Audus 1964) Alachlor has been 
studied in soil-water disposal pits (Junk et al. 1984), where little degradation of 
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alachlor was observed in 68 weeks. Recently, aqueous alachlor waste was 
exposed to a combination of UV light and ozone (Somich and Kearney 1988). 
The transformation products were then in soil where they were mineralized 
Successful application of adapted microbial cultures for clean-up of 
pesticide-contaminated waste requires knowledge about the role of 
microorganisms in degradation of specific compounds. Surprisingly, little is 
known about the microbial ecology and biochemistry involved in degradation 
of alachlor and metolachlor, the two compounds that seemed quite persistent 
in the contaminated soil at Galesville. Most research on biological degradation 
of herbicides has focused on persistence and metabolism of normal levels (Le., 
usually < 10 ppm). Metabolism of alachlor by a soil fungus has been described 
(Tiedje and Hagedorn 1975), and it seems that the herbicide is transformed in 
soil by cometabolic processes only (Novick et a1. 1986, Smith and Phillips 1975). 
Cometabolism of metolachlor has been observed in bacteria, actinomycetes, 
and fungi (Krause et a1. 1985, Saxena et al. 1986). Metabolic pathways for 
metolachlor and alachlor, which are chemically analogous, may be similar 
(McGahen and Tiedje 1978) Although older studies of alachlor metabolism by 
fungi indicated that diethylaniline was produced and large amounts of C02 
were evolved, recent literature suggested that the major pathway in soil 
metabolism was dechlorination followed by conjugation and hydrolysis of the 
conjugate to oxanilic and sulfonic acid metabolites (Sharp 1988) 
'The process of cometabolism as a major pathway of transformation of 
many herbicides emphasizes the need to understand the optimum cultural 
conditions under which microorganisms may rapidly degrade large 
concentrations of these compounds Cultural requirements of populations that 
use a compound as a carbon or nutrient source may be less exacting than those 
cometabolically degrading the compound. Cometabolism of xenobiotic 
compounds under certain conditions does not preclude the possibility of 
obtaining individual isolates or consortia of organisms that may degrade 
alachlor and metolachlor as sole carbon sources. For example, two studies have 
indicated the potential of microorganisms to metabolize atrazine after some 
conditioning (Giardina et al. 1979. Behki and Khan 1986), although atrazine is 
primarily known to be initially hydrolyzed through abiotic surface 
interactions (Armstrong et a1. 1967). At Southern Illinois University, research 
with waste water containing herbicides suggests that alachlor degraders can 
be enriched (Schmidt et a1. 1987). Different chemostat enrichment systems 
have been used to "breed" for mixed cultures or individual isolates that are 
capable of degrading dalapon (Senior et al 1976), 2,4,5-T (Kilbane et al. 1982) 
and chlorobenzene (Krockel and Focht 1987). 
The best way to harness the degradative capabilities of microorganisms 
for decontamination processes is open to debate. While some advocate the use 
of genetically engineered organisms others are committed to the use of 
indigenous populations, and still others prefer to apply only enzymes and 
amendments to the environment (McCormick 1985). The difficulty in getting 
organisms to degrade many xenobiotic compounds usually stems from a lack of 
understanding about the cultural requirements under which degradation of a 
particular compound may be optimized. By understanding the biochemistry 
and ecology of the biodegradation process, selected environmental factors may 
be manipulated to maximize metabolism by indigenous microflora. 
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In summary, we have identified several potential problems with land 
application or landfilling of soils contaminated with pesticide wastes: (1) 
possible crop phytotoxicity and inability to generalize the feasibility of land 
application to specific sites; (2) lack of degradation of pesticide in waste soil 
when concentrations are very high, and (3) slower than expected degradation 
of pesticide in land-applied contaminated soil. A review of recent literature 
supports the observation that pesticides at high concentrations characteristic 
of waste are not easily biodegraded. In some cases the lack of biodegradation 
may be related to an inhibited or altered microbial population. Few studies 
have addressed the degradation of herbicide waste in soil, but there is a critical 
need for such research because of the greater risk for water contamination at 
waste sites. 
The purpose of this research project was to further assess the problems 
of pesticide persistence and phytotoxicity at GCC. Pesticide residues in the 
waste-pile soils and the established com and soybean plots were studied for an 
additional year (i.e, crop year 1987). The mobilization of alachlor in freshly 
treated soil and aged soil was studied by a simple desorption experiment 
Microbial ecology of waste-pile soils at the GCC site and of laboratory-treated 
soils was studied in relationship to the environmental persistence of the 
herbicides. Finally, we determined the feasibility of using a combination of 
microorganisms and nutrient amendments to degrade waste herbicides In our 
studies, we focused on the herbicide alachlor as a model compound because it 
is widely used in Illinois, it has been widely detected in surface water and 




2.0 MATERIALS AND METHODS
 
2.1 Site Description 
Gce is an agrochemical retail operation located in Piatt Co., Illinois. The 
facility stores, handles, and custom-applies herbicides and fertilizers. For 
many years in the late 1970's and early 1980's, Gee drained waste water from 
loading and tank rinsing operations under a railroad right-of-way along the 
eastern edge of its property. Soil in this area, which contained approximately 
24,000 ppm alachlor in the top 7.5 em, was excavated and stored on the ground 
at the site in four piles, which were coded as waste-pile soils no. 1-4. After 
excavation, the site was backfilled with soil from an adjacent fence row that 
was at a higher elevation and presumed not to be contaminated from the 
waste-water discharges. Soil from waste-pile no. 2 contained the highest 
levels of herbicides and was used in subsequent land application experiments 
as described by Felsot et al. (1988). 
During the spring of 1986, a 4-acre field adjacent to the railroad right­
of-way and to the north of the waste piles was divided into two 2-acre fields for 
land application of the waste-pile soil. The field had been planted to com in 
1985 and chisel plowed in the fall. In 1986, the southern half of the field was 
designated for corn production and the northern half was designated for 
soybeans Two soil types were present, an Ipava silt loam and a Sable silty clay 
loam 
The corn and soybean plots were further subdivided into three 
replicated blocks containing six subplots, 12.3 m x 12.3 m (40 ft x 40 ft), that 
were then treated with contaminated soil or freshly sprayed with herbicides 
(see experimental section for details of the treatments) Each plot was 
completely surrounded by a 62-m untreated buffer zone. 
After the crop was harvested in 1986, the plots were left untilled and 
benchmarks placed so that plots could be reestablished in the same positions 
during the 1987 crop year. In May, the field was treated with paraquat to bum 
down perennial weeds On 10 June 1987, the field was prepared by chisel 
plowing in a north-south direction, parallel to the old crop rows. The field was 
disked twice, first diagonally to the old rows and then parallel to the rows 
Untreated border areas around each plot prevented soil from one subplot from 
contaminating an adjacent subplot. Corn and soybeans were planted along the 
north-south direction on the same day. 
2.2 Soil Sampling, Preparation, Storage 
Soils from waste-piles and field plots were collected with a 5-cm diam. 
bucket auger several times during 1987 and early 1988. The auger was washed 
with methanol between subsamples taken for each soil depth (0-15 em and 15­
30 cm) and between different subplots or waste-piles. The two subsamples 
from each depth were composited separately for each subplot. Soils were 
returned to the laboratory on the same day and sieved through a 3-mm mesh 
screen. Soils were stored at 2°C for up to one month prior to extraction and 
analysis. Herbicide residues remained stable under refrigeration for at least 
four months (Felsot et a1. 1988) 
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2.3	 Soil Extraction 
Fifty grams of soil were slurried with 20 mL of distilled water and 
extracted twice with 90 mL of ethyl acetate (Felsot et al. 1988). The soils were 
mixed with the ethyl acetate on a magnetic stirrer for about 45 minutes each 
time before decanting the solvent. The ethyl acetate was concentrated to 
several mL on a steam bath with the aid of Snyder columns. The final extract 
was adjusted to a 10 mL volume in ethyl acetate. Ten-gram aliquots of 
unextracted soil were oven-dried at 110°C for determination of moisture 
content. 
2.4	 Analysis and Quantitation of Herbicide Residues 
All herbicides were qualitatively analyzed by packed column gas-liquid 
chromatography (OLC, Packard Model 328) with nitrogen-phosphorus specific 
detection. Residues were separated on a 90-cm x 0.2 mm Ld. glass column 
packed with 5% Apiezon + 0.125% DEGS maintained isothermally at 190°C 
(Felsot et al. 1988). Signal output was routed through a Spectra Physics 
integrator to measure peak areas. Residues were quantitated by the method of 
external standards, which were used to calibrate the OLC response each day of 
analysis. 
When radiolabeled alachlor was used in an experiment, extracts were 
dissolved in BioSafe II liquid scintillation cocktail and counted on a Packard 
model 2000 liquid scintillation spectrometer. Corrections for quenching were 
automatically derived by the instrument using the expected energy spectrum 
of 14C. 
2.5 Microbiological Methods 
2.5.1	 Measurement of Microbial Populations and Soil Enzyme 
Activities 
Bacterial numbers in soil treatments were estimated by the plate 
dilution frequency assay (Harris and Sommers 1968), using soil extract agar 
(Lockhead 1940), and fungi were enumerated by the soil dilution, pour-plate 
method using rose-bengal streptomycin agar (Martin 1950). Dehydrogenase 
activities in the soils were measured by the amount of triphenylformazan (TF) 
formed when 5 or 10 g of soil were incubated at 30°C with triphenyltetrazolium 
chloride (TTC) for 24 hrs (Frankenberger and Johanson 1986). TF formed was 
extracted with methanol and color intensity was measured at 485 nm using a 
Perkin-Elmer UV/Vis spectrophotometer. Esterase activity was measured as 
the amount of fluorescein formed when soils were incubated for 2 h in the 
presence of fluorescein diacetate (Schntirer and Rosswall 1982). 
Urease activity was determined by a modified non-buffer method 
(Zantua and Bremner 1975). Three portions of soil (2 5 g) were weighed into 50 
mL Erlenmeyer flasks and treated with 1 mL of a stock solution of urea 
containing 2.5 mg urea N/mL. Three flasks without urea served as controls 
Additional water was added to bring the volume of water to 2.5 mL. The flasks 
were covered with parafilm and incubated in the dark at 37°C for 5 h. After 
incubation, the soils were extracted on magnetic stirrers for 1 h with 30 mL of 
a 2.0 M KCL solution containing 2.5 mg phenyl mercuric acetate (PMA) per mL. 
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The extracts were filtered (Whatman #1), and the filtrate was made up to 50 mL 
in a volumetric flask. The urea in 1 mL of filtrate was determined by the 
colorimetric method of Douglas and Bremner (1971). Color intensity was 
measured at 527 nm and NH3 hydrolyzed from urea was determined by 
reference to a standard curve. 
Amidase activity was determined by measuring the NH3 released when 
soil samples from the treatments were incubated with formamide 
(Frankenberger and Tabatabai 1980). The procedure used was modified by 
incubating 2.5 g soils at 37°C for 2 h with 0.1 mL toluene, 4.5 mL 0.1 M 
tris(hydroxymethyl) aminomethane buffer (pH 8.5) and 1.0 mL of formamide 
(0.5 M) in Trizma buffer. After incubation, released NH3 was extracted by 
shaking for 1 hr with a 2.5 M solution of KCl containing uranyl acetate to 
terminate amidase activity, and the extracts were made up to 50 mL in 
volumetric flasks. Controls consisted of duplicate treatments to which KCI­
uranyl acetate had been added prior to addition of formamide. Ammonia 
released from formamide was measured by the sodium phenoxide method 
(Fawcett and Scott 1960). 




The protocol for enriching, isolating, and screening alachlor­
degrading microorganisms is summarized in Figure 1. A soil perfusion system 
and soils from simulated chemical spill experiments (section 3.7) served as 
primary enrichments for selecting potential alachlor-degrading 
microorganisms. Inocula from these sources were used to further enrich for 
alachlor degraders in chemostat and batch shake flasks (secondary 
enrichments) 
2.5.2.1 Soil perfusion enrichments. The soil perfusion 
system was modified from the one described by Kaufman (1966) (Fig. 1). A 50 g 
portion of soil from the Galesville 5X-S plot (soybean plot treated with waste­
pile no. Z soil, section 3.2) was held between glass wool and a 50 x 150 mm 
plexiglass column. The column was connected to a glass jar containing 
mineral salts medium (MS), alachlor (l00 mg/L) and a mixture of the following 
supplements: dextrose (500 mg/L), 100 mg/mL each of yeast extract, 
chloroacetate, benzoic acid and p-chloroaniline. The mineral salts medium 
was composed of (per liter final concentration) MgS04· 7H20 ( 0 2 g); NaCl (0.1 
g); CaCI2· ZHZO (0 1 g); KN03 (0.5) and KZHP04 (lOg) With the delivery tube 
in contact with the medium, positive air pressure from the air inlet tube 
caused the medium to be delivered on top of the soil; after saturation the 
medium perfused through the column back into the reservoir. The soil was 
perfused continuously for nine days before sampling the medium (i e. 
perfusate) for microbial isolation and chemical assay of alachlor. 
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primary Enrichments	 Secondary Enrichments 
Soil Perfusion Simulated 
Column Chemical Spill Chemostat Shake Flasks 
----~----­
ISOLATION, 
Pour plate serial dilutions on 
MSAI (100 ppm) agar 
I 
PUR/FICA,TION 
Streak colonies on GYAI (100 ppm) agar 
t 
Restreak pure cultures on MSAI agar; select 





Inoculate and incubate in different liquid 
media containing alachlor; determine loss of alachlor 
t 
Select efficient degraders 
L Continued characterization 
, and identification 
Mixed culture study in chemostat 















Figure 2. Soil perfusion apparatus as modified from Kaufman (1966) by R. 
N Fathulla (Univ. Wisc, personal communication) 
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2.5.2.2 Cbewostat enrichments. The chemostat consisted of 
a modified SOO-mL capacity (working volume ::;:; 4S0 mL) Virtis fermentor with a 
teflon impeller. The vessel had inlet ports for media and air and outlet ports 
for sampling At the start of the enrichment, 3S0 mL of MSM containing 
glucose, yeast extract and alachlor, each at a final concentration of 100 mg/L, 
was pumped aseptically into the sterilized culture vessel. The medium was 
aerated and stirred for about 12 h, while periodically examined visually for 
microbial contamination. 
The chemostat was inoculated with 20 mL of perfusate from the 
perfusion system described above. The microbial population was allowed to 
grow to stationary phase as a batch culture, and then MSM containing 100 
mg/L of alachlor and glucose and SO mg/L of yeast extract was pumped into the 
vessel at the rate of 0 1 mL/min. The chemostat was sampled periodically for 
microbial isolation and chemical assay of alachlor. 
2.5.2.3 Batch culture enrichments. The batch culture 
system consisted of 12S mL Erlenmeyer flasks containing 50 mL of MSM 
fortified with 100 mg/L of alachlor. The flasks were inoculated directly with 
about 0 S g of soil or with 1 ml aliquots of suspensions (1.0 g soHIlO mL H20) 
made with soils from simulated chemical spill experiments The flasks were 
incubated on a rotary shaker at 25(+ l.O)OC for up to 4 wks with periodic 
sampling for isolation of potential alachlor degraders. 
2.5.3	 Isolation and Characterization of Potential Alachlor­
degrading Microorganisms. 
At periodic intervals during the enrichments, cultures from all of the 
enrichment systems were subsampled and plated either on mineral salts 
alachlor (MSAI) agar to isolate bacteria, or Sabaroud dextrose alachlor (SDAl) 
agar to isolate fungi (Fig. 1, purification step). Standard soil dilution-pour 
plate techniques were used to inoculate the agar preparations and at least two 
dilution levels were plated for each subsample. The agar plates were incubated 
at 2SoC and examined periodically for microbial growth. Bacterial colonies that 
formed on MSAI agar were purified by streaking onto dextrose-yeast extract 
alachlor (DYAI) agar. Purified bacterial colonies were restreaked on MSAI and 
isolates that showed vigorous growth on that medium were stored in DYAl for 
further characterization. Fungi were purified by hyphal tipping on SDAI. All 
pure isolates were maintained on their respective agar preparations and 
stored at SoC. 
Before testing of their abilities to degrade alachlor, bacterial isolates 
were characterized using Gram tests, and cultural, morphological and 
biochemical traits. Fungi were tentatively characterized on the basis of spore 
morphologies. 
2.6	 Statistical Analyses 
Herbicide residue data and crop phytotoxicity data were subjected to the 
SAS General Linear Means (GLM) procedure (Ray 1982), which is the same 
procedure as an analysis of variance for unbalanced experimental designs 
Comparisons of means for a series of treatments within an experiment were 
tested either by Duncan's multiple range test or the Student Newman Keuls 
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(SNK) test. Microbial populations were compared using standard statistical 







3.1 Herbicide Residues in Waste-Pile Soils and in Back-filled Soil 
During June 1987 and April 1988, soils were collected from waste-pile 
soils no. 1-4 to determine if degradation of the herbicides had occurred since 
the last collection in November 1986. Additional samples were collected from 
waste-pile no 2 in August 1987. Three to four samples were randomly collected 
from each pile with a bucket auger to a depth of 90 em. Each 90-cm sample was 
analyzed separately and mean herbicide residues were calculated for each pile 
The soils were analyzed for the herbicides alachlor, atrazine, metolachlor, and 
trifluralin as described in sections 2.3 and 2.4. 
During the pilot study in FY'86, backfilled soil from an adjacent fence 
row was presumed to be uncontaminated by pesticides from the discharged 
wastewater. During 1988, however, a clear line of vegetation extended about 
6 2 m into the excavated area and bisected the site along a north-south axis 
Thus, no vegetation was growing on the west side of this line. During April 
1988, 4 soil samples were randomly collected to a depth of 30 cm from the 
vegetated area along a north-south transect and 4 samples were collected from 
the nonvegetated area just on the other side of the line. All samples were 
extracted and analyzed as described previously. 
3.2 Herbicide Residues in Corn and Soybean Field Plots 
Treatments originally established in the 1986 pilot study were 
maintained without change during the 1987 crop year, and no new additions of 
herbicide or contaminated soil were made Individual treatments were 
replicated three times in a random block design and were coded and defined as 
follows 
(l) CHECK: untreated soil; 
(2) 1X-N' herbicide spray mixture applied in 1986 at the rate normally 
recommended for alachlor, 3 36 kgfha (3 Ibs active ingredient (a.i.]facre), the 
mixture consisted of alachlor, atrazine, metolachlor, and trifluralin in 
proportion to the concentrations found in the waste piles in May, 1986 (56.6, 
31 1, 9.6, 1.5 Jlg herbicide/g soil, respectively, Felsot et a1. 1988); 
(3) 5X-N: herbicide spray mixture applied in 1986 at 16.80 kg/ha (15 Ibs 
ai/acre) i.e, 5 times the recommended alachlor rate; 
(4) lX-S: contaminated soil from waste-pile no. 2 applied at the 
equivalent alachlor rate of 3 36 kg a i./ha; 
(5) 2.5X-S: waste-pile soil applied at the equivalent alachlor rate of 8.40 
kg/ha (7.5 lbs a.i /acre); 
kg a.i fha. 
(6) 5X-S' waste-pile soil applied at the equivalent alachlor rate of 16.80 
In June and November 1987, soils were collected from each plot; the 
sampling dates corresponded to 380 and 528 days, respectively, after the initial 
application of waste-pile soil and herbicide sprays to the plots. Two 
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subsamples of soil from depths of 0-15 cm and 15-30 cm were collected from 
each replicated subplot. The two subsamples were combined in the field and 
returned to the lab for analysis. 
During April, 1988, sampling was limited to the com subplots that 
contained wells (Le., lX-N, SX-N, lX-S, 5X-S, and CHECK). At that time, the field, 
which had been rented, was released to its owner who had altered the plot 
benchmarks by plowing the field before our arrival to collect soils. 
only sampled the plots coded lX-N, 5X-N, lX-S, 5X-S, and CHECK. 
Thus, we 
3.3 Phytotoxicity Studies 
Field observations of crop Injury and weed control ratings in com 
soybean plots were made on 21 July 1987 using recommended procedures 
(Frans 1972). During June 1988, a greenhouse phytotoxicity assay was 
and 
conducted using previously developed methodology (Felsot et al. 1988). Briefly, 
the method assessed the toxicity of contaminated and freshly treated soil to 
com, soybeans, velvetleaf, and pigweed plants. Seeds were planted in 
aluminum trays containing treated or untreated soil. The criterion of toxicity 
was the reduction in fresh weight of the plants grown in treated soil compared 
to plants grown in untreated soil. Soil collected during April 1988 from waste­
piles no Z and 4 were tested with and without dilution by untreated soil Soils 
were analyzed for herbicide concentrations prior to testing. The control soil 
(or untreated) was collected from untreated areas in the soybean plot (i.e 
CHECK soil). Soil collected from vegetated areas along the railroad right-of­
way to the north and south of the waste site was freshly treated with 
herbicides to yield concentrations similar to those determined in the waste­
pile soils. The freshly treated soil was also diluted with CHECK soil 
3.4 Mobility of Alachlor in Contaminated Soil 
A batch equilibration procedure was used to assess the desorption 
potential (and thus the mobility) of alachlor from field plot soils that were 
treated in 1986 with waste-pile soil no 2. Replicate aliquots of soil from the 5X­
S treatments in soybean plots were analyzed for alachlor concentrations 
(mean concentration=2.778 ppm). Based on this analysis, the same amount of 
alachlor was added to 60 g of moist CHECK soil (50 g oven-dry equivalents) from 
the soybean plots. Six aliquots of freshly treated soil (2 g moist weight) were 
placed into six 20-mL Corex centrifuge tubes ("freshly treated soil" treatment) 
Six aliquots of the 5X-S soil were divided similarly ("aged soil" treatment). Ten 
mL of 0.01 M CaClz were added to three tubes of each treatment The tubes were 
shaken for 2 hr and then centrifuged at 4648 x g for 10 min. Five mL of 
supernatant were extracted by partitioning with Z mL of ethyl acetate and 
analyzed for alachlor. The soil pellet was extracted with 1.5 mL of distilled 
water and 2 mL of ethyl acetate. The remaining 3 tubes from each treatment 
(i e, the tubes without CaCIz) were extracted and analyzed for initial alachlor 
concen tration. 
3.5 Microbial Populations and Enzyme Activity in Waste-Pile Soils 
The size of bacterial and fungal populations in soil samples collected 
from waste-pile soils no. 2 and 4 during June 1987 was estimated by the most­
probable-number technique using pour plates. Enzyme assays were used to 
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estimate physiological activity of the microbial populations. For comparison to 
waste-pile soils, microbial bioactivity was also assessed in soil collected at the 
same time from the CHECK~ lX-S~ and 5X-S subplots in the soybean plot. 
3.6 Soil Dilution Experiment 
Soil from waste pile no. 2 was diluted with uncontaminated soil in an 
attempt to increase microbial activity in the waste-pile soil and increase the 
rate of herbicide biodegradation. Waste-pile soil no. 2 was mixed with 
untreated soil from CHECK plots in large plastic bags in proportions of 0, 10, 50, 
and 90 percent CHECK soil to waste-pile soil. Thirty-gram portions (oven-dry 
weight) were dispensed into 250 mL flasks, and water was added to bring the 
moisture content of the soil to 30%. The flasks were covered with Parafilm and 
the soils were incubated at 25°C. Immediately after mixing, and at periodic 
intervals during a 42 day incubation period, triplicate samples were taken for 
herbicide analyses; concurrently, soils in four flasks were combined in sterile 
plastic bags and stored at 1°C until analyzed for microbial numbers and 
bioactivity. 
3.7 Simulated Herbicide Spill Experiments 
Two experiments were designed to determine the effects of large 
concentrations of herbicides on microbial biomass, bioactivity and 
biodegradation. The experiments were denoted as "Herbicide Spill Experiment" 
(HSE) I and II. Two soil types were used in the first experiment (HSE I). One of 
the soils was the untreated CHECK soil from the Galesville plot. The other soil 
designated as no 68 was a Drummer silty clay loam collected from the Illinois 
Natural History Survey Section of Botany orchards on the Dr campus 
Herbicide spills were simulated by adding either alachlor alone (SA) or 
a mixture of alachlor, atrazine, metolachlor and trifluralin (MS) to 9 kg of soil 
(oven-dry weight) at the rate of 10,000 ~g of each herbicide/g soil. Herbicides 
were used as the formulated commercial products. After thoroughly mixing in 
large plastic containers, 3 kg of soil from each treatment were dispensed into 
triplicate aluminum pans (30 x 25 x 12 em). Duplicate pans with untreated soil 
served as controls for microbial toxicity and background herbicide residues. 
The soils were incubated outdoors under ambient conditions during the fall of 
1987. The soil containers, which were perforated at the bottom, were placed in 
another aluminum pan to collect leachate; during the winter the soil­
containing pans were draped with a plastic sheet. 
In the second experiment (HSE II), the herbicide spills were simulated 
as described above, but only the GCC soil was used and herbicide 
concentrations of 10 11 gIg, which corresponded to a typical application rate, 
were included The aluminum pans were covered with absorbent paper 
bonded to polyethylene film, and the soils were incubated in the dark under a 
fume hood at 25°C. These latter precautions prevented excessive moisture loss 
and contamination of adjacent pans from high levels of volatile herbicide 
formulation additives. Once a week, the moisture content of the soil in each 
pan was determined on a 10-g aliquot; distilled water was added to maintain soil 
moisture content at approximately 30%. 
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At the start of both experiments and at specified intervals during the 
incubation period, 30 g aliquots of soil were subsampled and stored at -10°C and 
2°C for chemical and microbiological assays, respectively. 
3.8 Screening of Bacteria for Alachlor Degradation 
Two screening tests were used to determine the ability of bacterial 
isolates to degrade different concentrations of alachlor in liquid media (Fig. 1). 
In the first tests, 28 bacteria that were differentiated on the basis of 
morphological and biochemical characteristics were inoculated into 20 mL of 
filter sterilized (0.2 J.1 Millipore® membranes) MS-AI medium (100 mg/L 
alachlor in mineral salts medium) containing glucose (0.1 gIL) and yeast 
extract (0.5 gIL) as nutrient supplements. After 24 hrs of incubation on a 
rotary shaker (125 rpm), O.Z mL of the cultures were inoculated into test tubes 
containing 5 mL of one of the following filter-sterilized media: 
MS-AI [100 ppm alachlor] (MS-AI)
 
MS-Al + yeast extract (Y-AI)
 
MS-AI + yeast extract + dextrose (YAI-D)
 
Alachlor [10 or 100 mg/L in soil extract] (SEAl)
 
Alachlor [10 or 100 mg/L in soil extract + dextrose] (SEAl-D)
 
In this and subsequent experiments, the mineral salts medium, which 
was modified from Strandberg and Wilson (1968) and Novick et a1. (1986), 
consisted of (per liter final cone): MgS04· 7HZO (O.Z g), NaCI (DIg); CaClz (O.OZ 
g); (NH4)Z S04 (0.5 g); KZ HP04 (0 8 g), KHZP04 (0 Z g) FeS04 . 7HZO (5 0 mg); 
MnClz . 4HZO (Z.O mg); ZnS04 7HZO (0.1 mg); H3B03 (0.2 mg); NazMo04 • 2HZO 
(0 01 mg), CoCI2· 6HZO (0 I mg); and CuS04 . 5HZO (2.0 mg); pH = 6.8. 
The soil extract used was prepared as follows. 1.0 kg of Galesville CHECK 
soil and 1 5 L of water were autoclaved for 30 min at 121°C. After cooling at 5°C 
overnight, the soil suspension was filtered (Whatman no. 934-AH glass 
microfiber filters) and centrifuged at 6000 rpm (5523 x g) for 5 mins The 
extract was buffered at pH 6 8 using K2HP04 (0 5 gIL). 
After inoculation into the appropriate media the cultures were 
incubated at 25°C in the dark without agitation. Controls consisted of 
uninoculated media incubated under the same conditions. After 7 days of 
incubation, duplicate 1 mL aliquots of the cultures were extracted twice with 
ethyl acetate, and alachlor remaining in the cultures was determined directly 
by GLC as described previously. 
On the basis of alachlor-degrading ability observed in the first test, the 
second test consisted of 15 isolates that were reassayed in duplicate cultures 
and in a wider range of media compositions. We wished to confirm our 
previous observations and to determine nutrient conditions under which 
degradation may be optimized. The isolates were retested on the following 
media: 
Alachlor (10 or 100 mg!L) in mineral salts medium (MS-AI) 
Alachlor (10 or 100 mg/L) in mineral salts medium + yeast 




Alachlor (10 or 100 mgIL) in soil extract + dextrose (0.1 or
 
1.0 gIL) (SEAI-D or SEAI-D+) 
Preparation of inoculum, inoculation procedures and incubation conditions 
were the same as those used in the preliminary study. 
3.9	 Screening of Fungi for Alachlor Degradation 
Two out of 4 fungal isolates were tested for alachlor degradation in 
batch shake-flask cultures. The tests were performed in a medium (PYA1) of 
the following composition (gIL): peptone (1.0); yeast extract (3.0), dextrose 
(20 0); K2HP04 (1.0); CaS04 (0.014) and alachlor (0.1). A preliminary test 
showed no difference between the rate of alachlor degradation in PYA1 and 
potato dextrose broth, which is traditionally used for fungi. 
The inocula were prepared by growing the 2 fungi (designated as CCF-1 
and CCF-2) in 50 mL Erlenmeyer flasks containing 20 mL of PYAI After 5 days 
of incubation on a rotary shaker, the fungal mycelia were aseptically 
homogenized using autoclave-sterilized tissue grinders to macerate the 
mycelia. One mL aliquots of the homogenates were inoculated into 125 mL 
Erlenmeyer flasks containing 50 mL PYAl. Controls consisted of alachlor­
fortified, uninoculated flasks and inoculated flasks containing peptone-yeast 
extract medium without alachlor. The isolates were also tested in a mineral 
salts medium containing 100 ppm alachlor. 
Immediately after inoculation and at intervals of 3, 7 and 14 days, 
duplicate flasks of each treatment were sampled and filtered through glass 
microfiber filters. The cells were washed twice with 25 mL portions of distilled 
water and 50 mL of the filtrate and wash combination were extracted with 50 
mL of ethyl acetate. Alachlor remaining in solution was determined by OLe. 
The glass fiber filters were air-dried for 24 h and then extracted twice with 70 
mL of ethyl acetate to determine the amounts of alachlor associated with the 
cells.	 Aliquots of filtrate and wash were tested for CI- released from alachlor 
using	 a modified ferricyanide colorimetric method (Bergmann and Sanik 
1957). 
3.10	 Effect of Organic Amendments and Soil Inoculation on 
Microbial Ecology and Alachlor Degradation in Soil 
Two experiments were used to determine if alachlor degradation could 
be enhanced by addition of organic amendments and a microbial inoculum to 
soil. 
3.10.1 Soil Amendment/Inoculation Experiment I 
Soil amendments. Soil from the untreated check plots at Galesville 
was used for this experiment. The soil had previously been air dried to about 
25% moisture content, passed through a 2-mm sieve and stored at SoC. One day 
before the incubations were started, about 3 and 6 kg portions of the soil were 
weighed into large plastic bags and thoroughly mixed with ground com 
stubble (Cs) and ground soybean stubble (S), respectively, at a rate of 20 g/kg 
oven-dried soil (ods). Corn and soybean stubble had been ground to 2 mm 
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mesh. Thirty grams of the amended soils (oven-dry weight) were weighed into 
250 ml Erlenmeyer flasks; half of the flasks containing S-amended soil were 
also treated with a stock solution of NH4N03 to give an application rate of 1 mg 
N/g ods (S+N). Unamended soils served as controls. All the flasks were stored 
overnight at 2°C. 
Microbial inoculum. The fungal isolate designated as CCF-l, which 
was tentatively identified as Fusarium sp, was used for the soil inoculation. In 
screening tests this isolate degraded more than 70% of a 100 pm dose of 
alachlor within 14 days of incubation in PYAl The inoculum for this 
experiment was grown on PYAI (100 mg/L alachlor) on a rotary shaker at 25°C. 
After three days of incubation the fungal cells (mycelia and spores) were 
harvested by centrifugation at 13,000 rpm (25931 x g) for 15 minutes. The cells 
were washed twice, resuspended in phosphate-buffered water (pH 7) 
containing 100 ppm alachlor and stored overnight at 2°C. 
Fortification of soB with alachlor and inoculation with 
Fusarium sp. Aliquots of formulated alachlor (Lasso® EC [45.1 % active 
ingredient]) were added directly to the soil in the flasks. Exactly 67 }.!L of the 
undiluted formulated concentrate and 30 JlL of the concentrate diluted in water 
(22 2 mL Lasso/lOO mL water) were added to the soil to yield concentrations of 
alachlor of 1000 and 100 mg!L, respectively. 
Inoculation with the fungus was carried out about 1-2 hours after 
fortification of the soil with alachlor. During this waiting period, the flasks 
were placed in a hood to allow evaporation of formulation solvents. The 
blended fungal suspension was pipetted onto the soil in designated flasks to 
give an inoculum level of 0.5 mg fungal units!g ods. Unfortified, uninoculated 
soils served as controls 
In summary ~ the soil treatments were defined and coded as follows. 
1) Unfortified (i e., no alachlor), unamended, uninoculated
 
2) Unfortified, corn residue amended, uninoculated
 
3) Unfortified, soybean residue amended, uninoculated
 
4) Unfortified, soybean residue amended +NH4N 0 3, uninoculated
 
5) 100 ppm alachlor, unamended, uninoculated
 
6) 100 ppm alachlor, unamended, inoculated
 
7) 1000 ppm alachlor, unamended, uninoculated
 
8) 1000 ppm alachlor, unamended, inoculated
 
9) 100 ppm alachlor, Cs amended, uninoculated
 
10) 100 ppm alachlor, Cs amended~ inoculated 
11) 1000 ppm alachlor, Cs amended, uninoculated 
12) 1000 ppm alachlor, Cs amended, inoculated 
13) 100 ppm alachlor, S amended, uninoculated 
14) 100 ppm alachlor, S amended, inoculated 
15) 1000 ppm alachlor, S amended, uninoculated 
16) 1000 ppm alachlor, S amended, inoculated 
17) 100 ppm alachlor, S amended + NH4N03, uninoculated 
18) 100 ppm alachlor, S amended + NH4N 0 3, inoculated 
19) 1000 ppm alachlor, S amended + NH4N03, uninoculated 
20) 1000 ppm alachlor, S amended + NH4N03, inoculated 
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Incubation. SampJina. and Analyses. After inoculation~ water was 
added to the flasks to bring the soil moisture content to 30%. The flasks were 
covered with Parafilm® and incubated at 25°C for 56 days. Once a week, the 
parafilm was removed, and the flasks were aerated for about 10 minutes. 
Immediately after treatment and at intervals of 14, 28 and 56 days, 3 flasks 
from each treatment were removed and stored at -10°C before chemical 
analyses; an additional 2 flasks were stored at 2°C until analyzed for microbial 
numbers and soil enzyme activity. 
3.10.2 Soil Amendment/Inoculation Experiment II 
A second soil amendment/inoculation experiment addressed questions 
that were ignored in the first study because of logistical constraint, and 
examined some the new questions. Specifically, we determined: (1) the effect 
of organic amendment and inoculation on the degradation of freshly applied 
alachlor versus aged alachlor; (2) the ability of CCF-I to degrade alachlor in 
sterilized soil, unencumbered by competition from other soil microflora. 
Soil from HSE II (Section 3.7) was used as the source of aged alachlor. 
About 15 months after treatment with 10,000 ppm alachlor, the spill alachlor 
(SA) soils still contained about 9000 ppm of the herbicide. The SA soil was 
diluted with Galesville CHECK soil to obtain soil containing 100 ppm of alachlor. 
First, 280 g of SA soil were added to 2220 g of CHECK soil, to give 2500 g of soil 
containing 1000 ppm alachlor. Next, 250 g of 1000 ppm alachlor soil were 
added to 2250 g of CHECK soil to give 2500 g of soil containing 100 ppm alachlor. 
At each dilution, the soils were thoroughly mixed and passed through a 2 mm 
sieve to allow uniform distribution of alachlor, and four 30-g aliquots of each 
mixture were extracted to confirm the actual concentration of alachlor. 
To study the effect of soil inoculation on the rate of alachlor degradation 
in sterile versus non-sterile soil, 30 g of unamended and Cs-amended soils were 
placed in 250 mL Erlenmeyer flasks and covered with polyurethane foam plugs 
The soils were autoclaved at 121°C for 2 h on 2 consecutive days, and between 
autoclavings they were incubated at 25°C for 24 h. Representative flasks were 
weighed before and after autoclaving and sterilized water was added to all the 
flasks to make up for moisture loss. 
In addition to testing the effectiveness of fungal inoculation in 
sterilized soil, the use of autoclaved soils was intended to provide information 
about the abiotic degradation of alachlor. Because 'aged' alachlor soils could 
not be autoclaved without loss or alteration of the herbicide, additional samples 
were sterilized by treatment with propylene (p.) oxide (Skipper and 
Westermann 1983; 2.5 mL p. oxide/30 g soil)~ to enable comparison of abiotic 
degradation of freshly applied and aged alachlor 
Only corn residue (Cs) was used as organic amendment in this 
experiment and all the treatments received 100 ppm of formulated alachlor. 
The following is a summary of the 24 treatments: 
1) Unfortified, unamended, uninoculated 
2) Unfortified, unamended, uninoculated, p. oxide 
3) Unfortified, Cs amended, uninoculated, uninhibited 
4) Unfortified, Cs amended, uninoculated, p. oxide 
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5) Unamended, freshly applied alachlor, uninhibited, inoculated 
6) Unamended, freshly applied alachlor, uninhibited, uninoculated 
7) Unamended, freshly applied alachlor, p. oxide, inoculated 
8) Unamended, freshly applied alachlor, p. oxide, uninoculated 
9) Unamended alachlor in aged soil, uninhibited, inoculated 
10) Unamended alachlor in aged soil, uninhibited, uninoculated 
11) Unamended alachlor in aged soil, p. oxide, inoculated 
12) Unamended alachlor in aged soil, p. oxide, uninoculated 
13) Cs amended freshly applied alachlor, uninhibited, inoculated 
14) Cs amended freshly applied alachlor uninhibited, uninoculated 
15) Cs amended freshly applied alachlor p. oxide, inoculated 
16) Cs amended freshly applied alachlor, p. oxide, uninoculated 
17) Cs amended, alachlor in aged soil, uninhibited, inoculated 
18) Cs amended, alachlor in aged soil, uninhibited, uninoculated 
19) Cs amended alachlor in aged soil, p. oxide, inoculated 
20) Cs amended alachlor in aged soil, p. oxide, uninoculated 
21) Unamended, freshly applied alachlor, inoculated, autoclaved 
22) Unamended, freshly applied alachlor, uninoculated, autoclaved 
23) Cs amended, freshly applied alachlor, inoculated, autoclaved 
24) Cs amended, freshly applied alachlor, uninoculated, autoclaved 
3.11	 Effect of Concentration and Formulation on Metabolism of 
Radiolabeled Alachlor in Soil 
Thirty-eight grams of moist soil (26 4% moisture, 30 g oven-dry weight) 
from untreated soybean plots in Galesville were treated with technical grade 
alachlor (prepared in acetone) or emulsifiable concentrate formulation (Lasso 
4EC, 45.1 % a.i.) to yield application rates of 10, 100, and 1000 ~g/g soil Stock 
solutions of alachlor were prepared by mixing the appropriate amount of 
either the technical grade or emulsifiable alachlor with 2.6 ~Ci of uniformly 
ring-labeled 14C-alachlor (Monsanto Co., specific activity= 13 74 mg/mCi, 
radiochemical purity=95%). 
One hundred microliters of stock solutions were applied to the soil, the 
flask was rotated to mix the pesticide into the soil After sitting for 
approximately 6 hours under a fume hood, the flasks were closed with rubber 
stoppers from which hung a plastic center well containing 0.5 mL of 2 N KOH, 
which served as a trap for C02. One set of treated soils was capped immediately 
to determine if C02 was evolved during the 6 hour aeration period A set of 
untreated soils served as controls for naturally occurring radioactivity. A 
third set of soils were treated with 80 ~g of uniformly ring-labeled 14C-glucose 
to ensure that C02 was being trapped in the center wells. 
Soils were extracted on the same day as application and after 14 and 28 
days of incubation at 25°C. Every 2-3 days during the interim, flasks were 
opened and the center wells were removed and placed directly in liquid 
scintillation cocktail (Biosafe II) for determination of radioactivity. Soils were 
extracted twice by stirring with ethyl acetate followed by a third extraction 
with a 1.1: 1 mixture of hexane/acetone/methanol. After the last extraction the 
solvent was filtered through glass microfiber filters. The solvents were 
combined and evaporated to dryness by vacuum at 35°C 
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After evaporation, the extract was partitioned between water and 
methylene chloride (1:1). The water phase was reextracted with CH2CI2. The 
aqueous and organic phases were evaporated to dryness and made to a 2 mL 
volume with acetone and methanol, respectively. Five hundred microliters of 
each phase were counted by liquid scintillation spectrometry. Parent alachlor 







4.1 Herbicide Residues in Waste-Pile Soils and in Back-filled Soils 
Two years following excavation of the contaminated area at GCe, 
residues of alachlor and metolachlor in waste-pile no. 2 were about an order of 
magnitude greater than residues expected after a normal field application (i.e., 
about 2 ppm based on a 3.36 kg a.i./ha broadcast treatment and a IS-em deep 
sample) (Table 1). Alachlor did seem to dissipate by about 60% during the first 
year after excavation, but the residues stabilized at 20-25 J,lg/g oven-dry soil 
(ods) the following year. Metolachlor was a comparatively minor constituent 
in the waste pile following excavation, hut its concentration was similar to the 
concentration of alachlor after 2 years. Trifluralin did not dissipate in the 
waste pile, remaining at about 3 ~g/g. Atrazine did degrade in waste-pile soil 
no. 2 to levels around 2-3 J,lg/g. Atrazine is known to be primarily chemically 
degraded through hydrolytic dechlorination associated with adsorption, 
whereas alachlor, metolachlor, and trifluralin are primarily biologically 
degraded. 
Residues in waste-pile soils no 1, 3, and 4 seemed to have stabilized at 
lower levels than in waste-pile no. 2 but at concentrations far above 
background (~0.05 J.lg) (Table 1) Herbicides in the waste piles did not exhibit a 
clear trend for degradation between November 1986 and April 1988 
During 1987 and 1988, we observed that vegetation had not grown on the 
waste-piles We also observed that vegetation slowly developed on the part of 
the waste site that had been backfilled, bisecting the site along a north-south 
axis We found mean residues of alachlor, metolachlor, atrazine, and 
trifluralin in the revegetated backfilled area of 0.33, 0.51, 0.11 and 0.06 ppm, 
respectively (Table 1). The respective herbicide residues in the barren area of 
the waste site were 9.03, 9.89, 1 72, and 2 49 J.lg. Thus, part of the backfilled area 
contained herbicide residues that were comparable to the residues in waste­
pile soils no. 1, 3, and 4 
4.2 Herbicide Residues in Corn and Soybean Field Plots 
Herbicide residues in the top 30 cm of soil were monitored on 380, 528, 
and 700 days after the initial application of waste-pile soil during 1986. 
Interpretation of the data for herbicide concentrations in the top 15 cm 140 
days after application were hampered by large coefficients of variation (Feisot 
et a1. 1988). By 380 days after application, however, concentration of alachlor 
and metolachlor in the top 15 cm of the corn and soybean subplots receiving 
waste-pile soil at the equivalent application rate of 16.8 kg a i. alachlor/ha (5X­
S) was significantly larger than from the corresponding freshly sprayed 
subplot (5X-N) (p~0.05 for com and 0.10 for soybeans, Table 2). The trend for 
higher recoveries of alachlor and metolachlor in 5X-S subplots than in the 
other subplots continued on day 528 (p~0.05 for com and 0.01 for soybean, 
Table 3). Residues in the 5X-S plots on day 380 and day 528 (soybean only) were 
comparable to a 3 36 kg a i./ha application (approximately 2.0 ppm in the top 
15 cm). Herbicide residues from the 5X-N treatment were not significantly 
different from background (Le., the untreated CHECK subplots) 
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Table 1. Mean concentrations of herbicides recovered from waste-pile soils 
and backfilled areas at the Galesville Chemical Company, 1986-1988. 
Date of ug herbicide/g soil 
Collection alachlor atrazine metolachlor trifl uralin 
Waste-Pile Soil No. 1 
Nov. 1986 12.3 0.7 17.8 1 2 
April 1988 5.0 0.2 7.8 0.4 
Waste-Pile Soil No. 2 
May 1986 74.3 40.9 17.2 2.6 
Nov. 1986 86.7 16.5 53.9 14.2 
June 1987 24.7 2.0 17.5 2.5 
Aug. 1987 46.8 2.2 33.6 7.7 
April 1988 23.4 2.7 17.0 2.5 
Waste-Pile Soil No 3 
Nov. 1986 72 0.7 5.9 0.5 
April 1988 8.3 0.9 6 1 0.4 
Waste-Pile Soil No. 4 
May 1986 8.7 11.4 5 5 1 7 
Nov 1986 10.8 10.2 132 1.6 
June 1987 3.1 4.8 7.1 1.0 
April 1988 2.8 27.8 lJ 6.8 2 1 
Revegetated Area of Backfilled Site 
April 1988 0.33 0.11 0.51 006 
Non-vegetated Area of Backfilled Site 
April 1988 9.03 1.72 9.89 2,49 
lJ Range was 1.0 to 884 ppm. 
On day 380, residues of alachlor and metolachlor in the lX-S com 
subplots were significantly greater than in the lX-N subplots (Table 2). On day 
528, herbicide concentrations in lX-S subplots were several-fold larger than 
in lX-N subplots, but the differences were not statistically significant 
Although the entire corn and soybean plots were not sampled 700 days 
after application, 15-cm soil cores were taken from com subplots containing 
shallow wells. Soil collected in the 5X-S subplots still contained over 1 ppm of 
alachlor and metolachlor compared to <0.2 ppm in the soil from around the 
wells of the 5X-N subplots. Residues in the lX-S plots were about 3 times higher 
than in the 5X-N plots. 
Concentrations of atrazine and trifluralin were greater in the 5X-S com 
plots than in the 5X-N corn plots on day 380 (p<0.05). In soybean, there was a 
trend for greater recovery of both herbicides in the 5X-S plots than in the 
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Table 2.	 Herbicide residues in soybean and com plots treated with herbicide 
spray mixture or waste pile soils on 3-4 June, 1986. Soils were 
collected on 19 June 1987, 380 days after initial applications. 
HERBICIDE CONCENTRATION (PPM) jJ 
CORN SOYBEAN 
PLOTY ALAe ATRAZ METOL TRIFL ALAC ATRAZ MEfOL TRIFL 
------------------­----------­----------­-0-15 cm depth--­ -- --­ ----­ -­ - ----­ --­ - -­ - -­ ----
CHECK 0023C 0.026B O.044C O.OIOe 0.OI2A 0.015B 0.017A o007A 
lX-N 0.050C 0.060B O.047C 0.022C 0.076A 0.048AB O.057A o016A 
5X-N 0.339BC 0.201B 0.135C 0.034BC 0.393A 0.070AB 0.10lA 0.012A 
lX-S 0.556B 0.083B 0.627B 0.055BC 0.334A 0.107AB 0.357A o057A 
25X-S 0.683B 0.095B 0.833B 0.076B 0.542A 0.140AB 0.716A o075A 
5X-S 2153A 0.627A 2.119A 0.197A 1.936A 0.177A 2.082A o 185A 
p Y 0.000 0.017 0000 0.000 0.087A 0.048 o057A 0.093 
-----------------------------------------15-30 cm depth----------------------------------
CHECK 0.OO5A 0.004A O.OOOB 0.005A 0.OO5A 0.005B o003B o OOSA 
lX-N 0.007A o019A 0.018B O.OIIA 0.008A 0.026AB 0.004B oOI2A 
5X-N 0.047A o035A 0.024B 0.014A 0.063A 0.019AB 0.024B 0.OI2A 
lX-S 0.032A 0.OI4A 0.04lB 0.007A O.5l3A 0.052A o257A 0.030A 
2.5X-S 0.085A O.lIOA 0.103B 0.019A 0.067A 0.022AB o 100B o038A 
5X-S 0.170A 0.050A 0.216A 0.034A 0.208A 0.034AB 0.271A o037A 
0.037	 0.473A 0.002 0.061A 0.137 0.066AB 0.000 0.225P 
1J	 Means followed by the same letter are not significantly different from 
each other within the same depth and herbicide category according to 
SNK @ p=0.05 
2J	 Treatment codes are explained in section 3.2. 
lJ	 Probability that the value of the F statistic calculated by the SAS General 
Linear Means procedure (GLM) is greater than the table value for the 
appropriate degrees of freedom. 
5X-N plots (p<O.lO, Table 3). Atrazine and trifluralin residues in the the lX-S 
and 1X-N subplots did not differ significantly. 
Both trifluralin and atrazine residues in the top 15 cm of soil were low 
by 528 days after application, although trifluralin residues were significantly 
greater in 5X-S subplots than in 5X-N subplots (Table 3). Atrazine 
concentrations were not significantly different among all treatments, 
indicating that atrazine dissipation was as complete after application of waste­
pile soil as after application of a fresh spray. 
27
 
Table 3.	 Herbicide residues in soybean and com plots treated with herbicide 
spray mixture or waste pile soils on 3-4 June, 1986. Soils were 
collected on 13 November 1987, 528 days after initial applications. 
HERBICIDE CONCENTRATION (PPM) 11 
CORN SOYBEAN 
PLOTY ALAC ATRAZ MEIDL TRIFL ALAC ATRAZ :METOL TRIFL 
----------------------------------------0-15 cm depth-----------------------------------
CHECK 0.069B 0.022A 0.037B 0.0178 0.025B 0.020A 00178 o017B 
lX-N 0.099B 0.117A 0.071B 0.023B 0.1158 o024A 0.0508 0.015B 
5X-N 0.349AB 0.108A o077B 0.027B 0.372B 0.140A 0.109B o030B 
lX-S O.497AB 0.050A O.535AB 0.048AB 0.381B 0.093A 0.391B 0.066B 
2.5X-S 0.661AB 0.064A 0.821AB 0.064AB l.027AB 0.087A l.229AB o 162AB 
5X-S o974A 0.128A l.101A 0.093A 1.688A 0.182A l.987A 0.212A 
pll 0.018 0.558 0.005 0.028 0.002 0.426 0.003 0008 
----------------------------------------15-30 cm depth--- --- -- --- -- -- ---- -- --- -- -- -- ---
CHECK 0.027A O.OIIA o022A oOIIA o051B 0.OO6A oOOOA 0.007B 
lX-N o058A o008A o01lA O.OllA 0.024B 0.005A o003A 0.007B 
5X-N 0.052A o023A o024A 0.02IA 0.026B 0.018A o003A o005B 
lX-S 0.058A o017A o037A 0.019A 0.059B 0.022A 0.020A 0.022B 
25X-S 0.062A 0.03lA 0.035A 0.016A 0.065B 0.016A o040A o015B 
5X-S 0.300A 0.050A 0.245A o028A 0.191A o029A 0.102A o039A 
0.432	 0.270 0.310 0.575 0.006 0.080 0.196 0.000P 
11	 Means followed by the same letter are not significantly different from 
each other within the same depth and herbicide category according to SNK 
@ p=O as. 
Y	 Treatment codes are explained in section 3.2. 
lJ	 Probability that the value of the F statistic calculated by the SAS General 
Linear Means procedure (GLM) is greater than the table value for the 
appropriate degrees of freedom. 
Residues of herbicides detected below 15 cm could partly be due to 
displacement from upper layers during the disking process after herbicide 
application and before planting during the second growing season. Several 
fold higher residues of alachlor and metolachlor in the 15-30 cm layer at 380 
and 528 days after application than at 140 days after application may also 
indicate some leaching from the top 15 cm Residues remained relatively low 
in the I5-30-cm layer without a clear trend for dissipation. Alachlor and 
metolachlor concentrations, however, were larger in 5X-S subplots than in 5X­
N subplots, which paralleled the trend in residue recovery in the upper 15 cm 
on days 380 and 528. 
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4.3 Phytotoxicity Studies 
Crop injury was not evident during the 1987 crop year (Table 4). Weed 
control (as indicated by the reduction in velvetleaf and foxtail populations 
relative to the CHECK) did occur in the 5X-N and waste-pile treatments. 
Velvetleaf and foxtail are very sensitive to the mixture of herbicides present, 
and therefore much smaller residues are necessary to produce toxicity to them 
than to com or soybean. Percentage weed control was highest in 5X-S subplots, 
which reflected the trend for higher herbicide concentrations in that 
treatment. 
Table 4.	 Percentage crop Injury and weed control in soybean plots treated 3-4 
June 1986 with herbicide spray mixture or waste-pile soil. lJ 
% % Weed Control 
TreatmentY Crop Injury Pigweed Velvetleaf Foxtail 
CHECK 0.0 0.0 0.0 0.0 
lX-N 0.0 33 3 40.0 38.3 
5X-N 100 367 43.3 84.3 
lX-S 5.0 36.7 43.3 843 
25X-S 3.3 50.0 73.3 93.0 
5X-S 3.3 70 3 97.0 94.7 
l/	 0.197 0.077 0.000 0000 
11	 Field was prepared by spraying with paraquat in late May 1987. On June 
10, field was chisel plowed and disked twice. On June 10, field was planted 
to soybeans. No further herbicide treatments were made. 
2J	 Treatment codes listed in Section 3.2. 
11	 Treatments compared by the SAS General Linear Means Procedure. 
Numbers shown represent the probability that the calculated F statistic is 
greater than the table value for the appropriate degrees of freedom. 
In the phytotoxicity assay conducted in the greenhouse, fresh weight of 
com or soybean seedlings grown in undiluted soil from waste piles no. 2 and 4 
were not reduced compared to the untreated soil (Table 5). In fact, crop 
growth was greater in the waste-pile soils than in the untreated CHECK soil 
This unusual observation may be explained by the high levels of fertilizer 
present in the waste-pile soils resulting from the drainage of rinse water from 
fertilizer tanks (coincidentally with the herbicide waste water drainage). The 
CHECK soil had not received a fertilizer application in two years at the time of 
this study 
Biomass of pigweed in waste-pile soils no. 2 and 4 was significantly 
reduced compared to biomass of the untreated controls, even when soil was 
diluted by 75% with uncontaminated soil from the CHECK subplots 
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Phytotoxicity against com but not soybeans occurred when uncontaminated 
soil was freshly treated with a mixture of alachlor, metolachlor, atrazine, and 
trifluralin containing concentrations similar to those observed in the waste­
piles during April 1988. Diluting the freshly treated soil with untreated soil by 
87.5% eliminated phytotoxicity. 
Table 5. Greenhouse phytotoxicity 
waste-pile soils no. 2 and 
assay 
4. 11 
















pile 4 0 18.45 14.62 528 062 
pile 4 50 17.42 13.67 4.32 0.81 
pile 4 75 16.47 14.06 3 11 0.97 
pile 2 0 11.64 15.67 5.20 0.01 
pile 2 50 17.18 13.27 4.57 002 
pile 2 75 15 39 17.61 7.47 1 86 
RR 0 2.18 12.59 1.70 0.00 
RR 50 5.06 17.38 1.94 4.38 
RR 75 7.70 17.41 4.38 0.08 
RR 87.5 12.93 16.28 4.06 0.07 
1J	 Phytotoxicity study was conducted during June, 1988 with soils collected in 
April 1988. Herbicide concentrations in waste-pile soil no 2 were 
determined to be' 2052, 11.44, 7.45, and 1.24 J.l.g/g moist soil for alachlor, 
metolachlor, trifluralin, and atrazine, respectively. Concentrations in pile 
no 4 were 1 78, 4.19, 1.59, and 0.63 J.l.g/g moist soil for alachlor, 
metolachlor, trifluralin, and atrazine, respectively. 
2J RR soil was collected from alongside the railroad right-of way to the north 
and south of the waste-pile sites Herbicide residues were <0.05 J.lg/g. The 
RR soil was treated with a mixture of alachlor, metolachlor, trifluralin, and 
atrazine to give concentrations similar to those determined in waste-pile 
soil no. 2. 
1/	 Waste-pile soil and freshly teated RR soils were diluted to the stated 
percentage with CHECK soil from the soybean plot. 
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4.4 Mobility of Alachlor in Contaminated Soil 
Desorption of alachlor was compared in aged field soil and freshly 
treated field soil to gauge its potential mobility in soil (Table 6). The 
experimental protocol called for fortification of the untreated soil (collected 
from the soybean CHECK subplots) with the same amount of alachlor as 
measured in the 5X-S soil (Le., aged soil) from the soybean plots, but the 
variability in residue amounts between replicates of the aged soil did not 
permit an exact match in initial concentrations. Nevertheless, after 
desorption the concentration of alachlor in soil essentially remained constant 
in the aged soil treatment but dropped from 3.74 to 2.20 ppm in the freshly 
treated soil. Furthermore, alachlor was not detected in the aqueous phase from 
aged soil, but 0.33 ppm was found in the aqueous phase from freshly treated 
soil. Thus, alachlor was easily desorbed soon after it was added to soil, but after 
aging in the field, it was resistant to desorption. 
Table 6.	 Desorption of alachlor from aged field soil and freshly treated field 
soil. 
Jlg alachlor/g soil	 Ilg/mL in CaCl2 
Soil TreatmentlJ Before Desorption After Desorption After Desorption 
Freshly treated 3 739 2.204 0.325 
Aged 4.639 4.660 0000 1J 
lJ	 Freshly treated soil comprised the addition of 1.38 mL of 100 ppm alachlor to 
50g oven-dry equivalents of untreated soil from the soybean plots to 
produce a nominal concentration of 2.778 Jlg alachlor/g soil The aged soil 
was collected from the 5X-S subplots of the soybean plot. Prior to the start 
of the experiment, three subsamples were determined to contain an 
average of 2.778 J..lg alachlor/g soil. 
'lJ	 The limit of detection was 0 100 Jlg alachlor/g soil 
4.5 Microbial Numbers and Enzyme Activity in Waste-Pile Soils 
Microbial numbers and bioactivity were significantly lower in the 
waste-pile soils compared to the untreated CHECK soil from the soybean plot 
(Table 7). Both bacterial and fungal numbers were 3-10 fold lower in the pile 
soils than in the CHECK soil. On the other hand, the microbial biomass of the 
1X-S and 5X-S soils was greater than that of the waste-pile soil and the CHECK 
Fertilizer contamination in the waste pile soil may have stimulated microbial 
growth once the waste-pile soil was diluted with uncontaminated soil in the 
soybean plot Urease activities in all the soil treatments were nearly identical, 
but the activities of soil dehydrogenase and esterase were at least an order of 
magnitude lower in waste-pile soil no. 2 than in CHECK soils Dehydrogenase 




Table 7. Microbiological status of waste pile and field soils at Galesville, 
August 1987. 
Microbial Numbers/g ods21	 Enzyme ActivityJl 
Bacteria Fungi Dehyd. Esterase 
TreatmentlJ (cells x 107) (cfu x 104) (Jlg TF/g) (A590/g) 
Check 4.22 (1.7-10.4) 2.27 (0.57) 1.2 (.6) 0.44 (23) 364.9 (28 9) 
WP no. 2 031 (0.1-0.8) 0.22 (0.03) 0.0 (.6) 0.05 (.01) 353.4 (6.1) 
WP no. 4 1.73 (0.7-4.3) 0.25 (0.05) 0.0 (.5) 0.11 (.02) 364.9 (6.4) 
lX-S 30.60 (12.4-75.6) 2.57 (0.33) 3.5 (2.5) 0.15 (.01) 348.5 (6 9) 
5X-S 3.06 0.2-7.6) 3.17 (0.57) 3.6 (0) 0.16 (.02) 357.6 (5.5) 
11 Check = untreated soil 
WP nos. 2 and 4 = waste pile soils from pile 2 and 4 
lX-S & 5X-S = plots treated with waste pile soil during June, 1986 at rates 
equivalent to 3 36 and 16.80 kg alachlor/ha 
Y	 Numbers in parentheses represent 95% confidence intervals for bacteria 
and standard deviations for fungi 
lJ	 Dehydrogenase enzyme activity expressed as Jlg triphenylformazan formed 
Ig ods (oven-dry soil equivalents); esterase enzyme activity expressed as 
fluorescein diacetate hydrolyzed/g ods; urease enzyme activity expressed as 
Jlg NH4+ released/g ods; number in parentheses represent standard 
dev iations. 
4.6 Soil Dilution Experiment 
The slow degradation of alachlor and metolachlor in the waste-pile soil 
was presumed to be the result of depressed microbial activities If this 
hypothesis is valid, then microbial activity and biodegradation should be 
restored upon dilution of waste-pile soil with untreated, uncontaminated soil. 
To test the hypothesis, different proportions of soil from waste-pile no. 2 were 
mixed with CHECK soils, and herbicide degradation and microbial bioactivity 
were monitored for 42 days. Initial alachlor concentrations after mixing were 
468, 47.4, 294, and 6.52 Jlg/g for 0, 10, 50, and 90% dilution, respectively. 
Similar to our earlier observations, bacterial and fungal counts in 
waste-pile soil no 2 were generally lower than those in untreated CHECK soil 
(Table 8, 0% dilution vs. CHECK 0 and 2 day), but the differences were not 
statistically significant. The activities of dehydrogenase and esterase enzymes 
were significantly lower in the waste-pile soil compared to the CHECK soil and 
soil diluted by 50 or 90%. A limited number of soil amidase assays (data not 
shown) showed that the activity of this enzyme was also lower in the waste pile 
soil. 
Dilution of waste-pile soil no 2 by 10 or 50% did not stimulate the 
degradation of alachlor or metolachlor over the 42 day incubation period 
(Table 9). With 90% dilution of the soil, both herbicides slowly degraded with 
alachlor dissipating faster than metolachlor In contrast to the acetanilide 
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herbicides, atrazine and trifluralin degraded rapidly at all dilution levels. The 
atrazine data at the 50% dilution level were anomalous and reflected the 
problems encountered with subsampling large volumes of soil. Although an 
average concentration for each herbicide was determined for the original 
batch of waste-pile soil no. 2, individual analyses were quite variable and "hot 
spots" containing unusually high or low residues were frequently 
encountered. 
Table 8. Estimates of bacterial and fungal populations and enzyme 
activities in diluted and undiluted waste-pile soil from 
Galesville Chemical Company. 
%	 Dilution Microbial Numbers/g odsY Enzyme Activity 
of waste­ Bacteria Fungi Dehydrog. Esterase 
pile soilli Day (cells x 108) (cfu x 104) (J.lg TF/g) A590 x 10-2/ g 
CHECK o 1.3 (0 5 -3.2) ndY 3.4 (0 0) 40 (1.0) 
90 7.0 (2.8-17.2) 2.2 (0 4) 4.7 (0.6) 5.0 (1 0) 
50 1 0 (0.4-2.5) nd 22 (0.6) 1.0 (0.0) 
10 05 (0.2-1 3) 1.6 (0.3) 0.0 (0.0) 5.0 (0.0) 
o	 0.6 (0.2-1.4) 1.7 (0.2) 0.6 (0.4) 0.0 (0 0) 
CHECK 2 13.5 (5.5 -33 3) 3.5 (0.8) 220 (2.2) 22.0 (3.0) 
90 7.1 (2.9-17.5) 3.4 (0.2) 12.0 (3.1) 22.0 (1 0) 
50 10.4 (4 2-25.6) 29 (0.4) 6.5 (0.6) 31.0 (1.0) 
10	 1.0 (0.4-2.4) 0.9 (0 2) 0.0 (0.0) 19.0 (4.0) 
0	 0.9 (0 4-2.4) 1.3 (0 3) 0.0 (0.0) 21 0 (0 0) 
90 5 1.3 (0.5-3.2) 2.7 (0.5) 5.0 (3.5) 3.0 (1.0) 
50 1 2 (0 5-3.2) 2.0 (0.2) 23.9 (7.0) 1.0 (0 0) 
10 23 (0 9-5.6) 4.6 (0.4) 7.9 (3.3) 50 (3 0) 
0 38 (1 6-9.5) 1.1 (0 2) 03 (0 2) 00 (0.0) 
90 10 2.8 (1.2-7.3) 4.1 (0.5) 44.0 (5.3) 3.0 (1 0) 
50 05 (0.2-1.3) 2.8 (0 5) 30.0 (4.0) 2.0 (2.0) 
10 1.0 (0.4-2.5) 3.1 (1.0) 1.4 (1.9) 0.0 (0.0) 
a 1.0 (0.3-2.4) 2.7 (0.7) 0.0 (0 0) 0.0 (0.0) 
90 21 2.2 (0.9-5 5) 2.7 (0.7) 2.2 (0.0) 10.0 (4 0) 
50 05 (0.2-1.3) 2.8 (0.3) 2.6 (0 0) 4.0 (1.0) 
10 1.3 (0 5-3.3) 2.4 (0 2) 1.2 (1.0) 1.0 (l.0) 
a 1.0 (0.3-2.4) 0.0 (0.0) 0.0 (0.0) 2.0 (2.0) 
1)	 Waste-pile soil was diluted with CHECK soil by 0, 10, 50, or 90% on a 
weight per weight basis For reference, biomass and enzyme 
activity are shown in CHECK soil from 0 and 2 day samples. 
y Numbers in parentheses represent 95% confidence intervals for bacteria 
and standard deviations for fungi and enzyme activity . 
l/	 Not determined 
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Table 9. Percentage recovery of herbicides in diluted and undiluted waste-pile 
soil incubated in flasks at 25°C for 42 days. 
% of Initial PPM Recovered at Indicated DilutionlJ 
Herbicide Days 0 10 50 90 
alachlor 5 121.5 106.3 122.8 980 
10 111.6 97.8 128.3 79.0 
21 135.2 77.5 101.6 39 1 
42 76.4 71.1 106 3 30.4 
metolachlor 5 115.6 102.5 117.2 131 4 
10 107.5 96.1 129.6 110 9 
21 123.3 76.5 105.9 59.8 
42 77.0 79.2 84.7 49.5 
atrazine 5 31.2 102.2 329.9 0.0 
10 216.2 4.9 10.3 00 
21 16.5 0.0 839.3 00 
42 0.0 0.0 73.5 0.0 
trifluralin 5 56.9 51.0 18 7 13 6 
10 43.2 40.5 28.2 22.2 
21 53.9 32.5 370 00 
42 24.6 19.9 0.0 0.0 
lJ	 Waste-pile soil was diluted with CHECK soil by 0, 10, 50, 90% on a weight per 
weight basis. Concentrations of herbicides in CHECK soils ranged from 
undetectable to <0 25 ppm 
4.7 Simulated Herbicide Spill Experiments 
4.7.1 Herbicide Spill Experiment I (HSE I) 
The first simulated spill experiment was conducted outdoors during the 
fall using two different soil types. Soil treated at a rate of 10,000 ppm herbicide 
were called "spill" soils. Three days after treatment of both soil types, bacterial 
numbers were significantly lower than numbers in untreated soils (Table 10) 
After 21 days bacterial counts in the "spill" soils were 1-2 orders of magnitude 
lower than those in untreated soils. Fungal counts were consistently lower in 
spill soils than in untreated soils throughout the monitoring period 
Soil amidase activities were unaffected by the herbicides after 21 days of 
incubation, but dehydrogenase and esterase activities declined sharply one 
day after the herbicide applications (Table 10). The activities of the latter 2 
enzymes also declined in control treatments, apparently because of the onset 
of cold temperatures during the incubation period. 
Concentration of alachlor, whether added alone or in combination with 
metolachlor, trifluralin, and atrazine, did not change significantly in 21 days 
of incubation in the GCC CHECK soil nor in the orchard soil (Table 11) The 
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other herbicides also did not show any definite trend for degradation during 
this period. 
Table 10.	 Estimates of bacterial and fungal populations and selected enzyme 
activities in soils from herbicide spill experiment I. 
Microbial Biomass/g odsY Enzyme ActivitiesY 
Bacteria Fungi Dehyd. Esterase Amidase 
Treatmentli Day (cells x 108 ) (cfu x 104) (J.1g TF/g) (A590/g) (J.1g NH4­
N/g) 
GCC/chk 0 1.2 (0.5-3.0) 2.5 (0.0) 30.0 (2.8) 0.45 12 8 
GCC/sa 0.5 (0.2-1.3) 0.3 (.02) 100.0 (46.1) 0.32 11.4 
GCC/ms 0.3 (0.1-0.7) 0.1 (.02) 40.0 (17.4) 0.14 99 
68/chk 0.2 (0.1-0.4) 0.3 (.02) 259.0 (112) 0.08 12.7 
68/sa 0.3 (0 1-0.7) 0.1 (.02) 257.0 (>6.4) 0.15 6 6 
68/ms 0.1 (0-0.2) 0.1 (.01) 142.3 (89.0) 0.00 17 9 
GCC/chk 1 1.2 (0.5-2.9) 3.1 (1.32) 29.2 (21.5) 0.08 11 0 
GCC/sa 05 (0.2-1 3) 0.2 (.04) 4.1 (3.8) 0.02 12.7 
GCC/ms 0.4 (0.1-0 9) 0.1 ( 01) 0.0 (0 0) 002 13.1 
68/chk 0.5 (0.2-1.3) 0.3 (.02) 1649 (21.6) 0.01 13 9 
68/sa 5.2 (2.1-12.9) 0.1 (.02) 8.7 (I.5) 0.02 11 3 
68/ms 0.2 (0.1-0.5) 0.0 ( 01) 2.4 (1.7) 0.02 11 7 
GCC/chk 3 1.2 (0.5-3.0) 2.7 (.30) 20 (.6) nd 13 7 
GCC/sa 02 (0.1-0.5) 0.3 ( 04) 0.1 (.2) o01 11 2 
GCC/ms 0.1 (0.1-0.3) 0.2 (.01) 0.0 (0.0) 000 11 3 
68/chk 2.8 ( 1.1-6.9) 0.5 (.35) 18.8 (0.6) 0.01 11 6 
68/sa 0.1 (0.1-0.3) 01 ( 02) 0.0 (0 0) 0.01 10 1 
68/ms 0.4 (0 2-1.0) 0.0 ( 07) 0.0 (0.0) 0.02 10 7 
GCC/chk 7 1.5 (0.6-3.6) 2.2 (.12) 5.9 (8.3) o 11 19.1 
GCC/sa 0.2 (0.1-0.5) 0.3 (.05) 6.5 (8.6) 0.04 17.4 
GCC/ms 0.1 (0-0.2) 0.1 (.06) 10.7 (15.1) od 16.4 
68/chk 3.6 (1 4-8.8) 0.5 (.03) 48.1 (4 3) 002 17.1 
68/sa 0.4 (0.1-0.9) 0.1 ( 01) 4.1 (2.9) 001 16.8 
68/ms 0.1 (0-0.3) 0.0 (.03) 182 (25 8) 0.04 16.0 
GCC/chk 21 >80.7 (0) 4.2 (.17) 1.9 (0.5) 0.10 11 4 
GCC/sa 02 (0.1-0.5) 0.5 (.06) 0.0 (0.0) 0.06 12 1 
GCC/ros 0.1 (0-0.2) 0.1 (.08) 0.0 (0.0) 0.00 11 1 
68/chk 6.8 (27-17) 0.6 (.07) 16.4 (1.9) 0.02 12.5 
68/sa 0.9 (0 4-2.2) 02 (.05) 0.0 (0.0) 0.04 12 6 
68/ms 0.4 (0.1-0.9) 00 ( 02) 0.4 (0.5) 0.00 13.4 
GCC/chk 42 nd1J nd 3 7 (0.8) 0.03 nd 
GCC/sa nd nd 0.0 (0.0) 0.03 nd 
GCC/ms nd nd 0.0 (0.0) od od 
68/chk nd nd 12.0 (2.2) 0.02 nd 
68/sa od od 0.0 (0.0) od nd 
68/ms nd nd 0.0 (0.0) od nd 
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11	 GCC = soil from Galesville untreated CHECK subplot; 68 = soil from INHS, 
Botany Orchards; chk = untreated soil; sa = simulated alachlor spill; 
ms = simulated multiple herbicide spill with alachlor, metolachlor, 
atrazine and trifluralin. 
2J	 Numbers in parentheses are 95% confidence intervals for bacteria and 
standard deviations (SO) for fungi. 
lJ	 See Table 7 for explanation of enzyme activity units. Numbers in 
parentheses for dehydrogenase represent SO. SO for esterase and urease 
are not shown because no significant differences were observed among 
treatments. 
if	 nd = not determined 
Table 11.	 Recovery of alachlor, metolachlor, atrazine, and trifluralin from 
CHECK soil and an orchard soil treated with a 10,000 ppm dose of 
alachlor alone or a mixture of all the herbicides (Herbicide Spill 
Experiment I) 
Herbicide Recovered, ppm x 103 
Day Treatment 11 Alachlor Metolachlor Atrazine Tri fl ural in 
a	 GCC/SA 6.9 + 0.2
 
GCC/SM 6.7 ± 1.8 72 ± 1.8 9.0 ± 2.0 105 ± 28
 
68/SA 9.9 ± 1.1
 
68/SA 9.0 ± 1.8 93 ± 2.5 12.9 ± 2.4 158 ± 23
 
21	 GCC/SA 7.4 ± 1.3 
GCC/SM 6.0 ± 0.9 67 ± 1.0 8.5 ± 2 a 83 ± a8 
68/SA 7.0 ± 1.1 
68/SA 66+ 2.1 5.9 + 1.1 9.2 + 1.8 10.7 + 24 
lJcr:c= soil collected from soybean CHECK subplots at GCC orchard 
68 = soil collected from the INHS Botany Orchard 
SA = simlated spill of alachlor @ 10,000 J.lg/g soil 
SM = simulated spill of a mixture of alachlor, metolachlor, atrazine, and 
trifluralin, each @ 10,000 Jlg/g soil 
4.7.2 Herbicide Spill Experiment II (HSE II) 
Because conclusive interpretation of results from the first experiment 
were complicated by the weather, a simulated herbicide spill experiment was 
repeated under controlled laboratory conditions (HSE II). Only the Galesville 
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untreated soil was used, and low application rates were included to simulate 
typical farming practices. 
After one day bacterial numbers in the spill treatments (SA and SM) 
declined significantly compared to numbers in the untreated control (Table 
12). Normal application rates of either alachlor alone (NA) or the herbicide 
mixture (NM) had no effect on bacterial numbers. The immediate decline in 
the spill soils of HSE II (the indoor experiment) was similar to the decline in 
HSE I (the outdoor experiment). The decline in numbers persisted up to 21 days 
in HSE I, but recovered by 7 days in HSE II to levels similar to those in the 
control (GCC/chk) and normal treatments (NA and NM). 
Within 3 days, fungal counts were lower in SA and SM soils than in 
untreated, NA, and NM soils (Table 13). The decline was most pronounced in SM 
soils: after 7 days fungal colonies could not be detected in those soils. This 
situation was further complicated by an inexplicable proliferation of bacteria 
on the fungal enumeration plates that contained bacteriostatic agents. A 
similar observation was made in SA soils that were sampled on day 21 and 
thereafter. This response was similar to that observed primarily in HSE I 
Dehydrogenase enzyme activity declined sharply in simulated spill 
treatments (Table 14, SA and SM) and did not recover within 125 days. The 
enzyme activities in the control (GCC/chk) and normal-treatment soils (NA and 
NM) remained relatively high and constant over the same period Esterase 
activities seemed depressed in soils that received the multiherbicide spill 
treatment (8M) but were unaffected by the other treatments (Table 15). 
Depressed enzyme activities were also observed in day 0 samples. 
Initially, this enzyme depression was attributed to inhibition by chemicals 
other than herbicides in the emulsifiable concentrate. This hypothesis was 
tested by comparing the response of dehydrogenase activity to technical grade 
and formulated alachlor Also, dehydrogenase activities in soil subsamples 
were measured immediately after treatment and 2 and 13 days after storage at 
50 C. The results indicated that the enzyme depression was related to length of 
storage prior to the dehydrogenase assays. Since the enzyme depression 
occurred regardless of herbicide formulation, high concentration of alachlor 
alone must have been toxic to soil microflora. 
Residues of alachlor, expressed as the percentage of the nominal 
amount added, are shown in Table 16. When alachlor was added alone at 
normal application rates, about 90% degraded in 180 days. When a low dose of 
alachlor was added to soil as a mixture with metolachlor, atrazine, and 
trifluralin, an initial drop in the recovery of alachlor occurred after 30 days, 
and then the residue levels seemed to slowly decline over the next 300 days. 
The high doses of alachlor, either alone or as a mixture, showed no clear trend 
for degradation. 
Metolachlor, atrazine, and trifluralin persistence was greater in the 
high dose treatments than in the low dose treatments (Table 17). Nevertheless, 
about 50% of the initially added metolachlor and trifluralin was recovered 182 
days after application in the low dose treatments. Thus, when herbicides were 
added in a mixture, persistence seemed to be prolonged. 
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Table 12. Effect of herbicide treatment on bacterial numbers in soil during 
Herbicide Spill Experiment II. 
Treatment 11 
No. of bacteria/g ods (x lOS) 
indicated no. of daysb 
after 
0 1 3 7 15 21 60 90 
CHECK 0.3C 1.0A 1.3A 0.8B 5.9AB 0.3A 2.3A 0.2B 
(0.1-0.7) (0.4-25) (0.5-3.3) (0.3-1.9) (2.4-15.0) (0.2-0.8) (0.9-5.7) (0.1-0.4) 
NA D.2C 1.0A 0.6A 0.8B 1.3BC O.4A OSAB O.4B 
(0.1-0.6) (0.4-2.5) (0.2-1.4) (0.2-1.9) (0.5-3.3) (02-1.0) (0.3-1.9) (0.2-1.0) 
NM 2.3B 0.8A l.OA O.SB 1.3BC O.3A O.SAB 1.7A 
(0.0-6.0) (0.3-1.9) (0.3-2.5) (0.3-1.9) (0.5-3.3) (0.1-0.8) (0.3-1.9) (0.7-4.3) 
SA O.lC O.OSB 0.03B 3.1A 13.7A 0.3A 1.3AB 0.6AB 
(0.0-0.3) (003-0.2) (0.0-0.1) (9.3-76) (5.5-34.0) (0 1-0.8) (0 5-3.3) (02-14) 
SM S.OA 0.06B O.OlB 0.8B 3.0B 0.3A O.4B 04B 
(3-20) (0.0-0.1) (0.0-0.02) (0.3-1 9) (1.3-7.6) (0.1-0.8) (0.2-10) (02-1.0) 
11 See text for treatment codes. 
2.J Values followed by the same letter for a given day are not significantly 
different; 95% confidence limits shown in parentheses are calculated as log (d 
+ 0.3921) where d is an estimated bacterial density in a 10-fold dilution series 
(Harris and Sommers [21 D. 
Table 13. Effect of herbicide treatment on fungal numbers in soil during 
Herbicide Spill Experiment II. 
TreatmentlJ c.fu /g ods (xl04 ) after indicated no. of daysY 
0 1 3 7 15 21 60 90 
CHECK 2.5 A 2.0 A O.S B 2.6 A 1.9 B 3.S A 2.4 AB 2.4 AB 
(0.1) (0.3) (0 1) (0.3) (0.3) (1.0) (0.5) (0 3) 
NA 2.0 AB 1.6 B 1.S A 2.2 B 2.S A 3.0 A 1.9 B 2.3 B 
(0.3) (0.1) (0 2) (0 2) (0 2) (0 2) (0 3) (0.2) 
NM 1.7 AB 2.1 A 2.1 A 2.7 A 2.7 A 3.6 A 2.9 A 27 A 
(0.3) (0.2) (0.2) (0.1) (0.4) (0.5) (0.4) (0.2) 
SA 0.2 C 03 C 0.6 BC 0.3 C 0.2 AB 0.2 B ndl/ nd 
(0.0) (0.0) (0.0) (0.1) (0.0) (0.0) 
SM 1.3 B 0.3 C 0.1 B nd nd nd nd nd 
(0.7) (0.1) (0.0) 
11 See text for treatment codes. 
2J Values are means of triplicate platings followed by standard deviations (sd) 
in parentheses; means followed by the same letter for a given day are not 
significantly different according to Duncan's multiple range test (p = 0.05) 
3.J nd: not detected at 10-3 dilution level. 
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Table 14. Effect of herbicide treatment on dehydrogenase activity in soil 
during Herbicide Spill Experiment II.
 
TreatmentlJ Jlg TPF/g ods after indicated number of daysY
 
0 1 3 7 15 21 30 60 90 125 
CHECK 35 A 29 B 19 B 34 A 14C 34 AB 23 A 49 A 38 A 29 B 
(3) (3) (2) (2) (2) (5) (1) (0.3) (3) (4) 
NA 30 A 40 A 23 B 33 A 17 A 38 A 23 A 31 C 31 B 39 A 
(1) (4) (4) (4) (1) (2) (1) (2) (2) (5) 
NM 30 A 38 A 38 A 26 23 A 29 B 24A 41 B 33 B 39 A 
(2) (1) (13) (4)B (1) (2) (1) (5) (2) (2) 






















(4) (0) (2) (l)C (5) (0) (1) (3) (0) (0) 
11 See text for treatment codes 
'lJ	 Values are means of triplicate determinations followed by sd in 
parentheses; means followed by the same letter for a given day are not 
significantly different according to Duncan's multiple range test (p=O.05) 
Table 15. Effect of herbicide treatment on esterase activity in soil during 
Herbicide Spill Experiment II. 
TreatmentlJ A590/g ods after indicated number of days2J 
0 1 3 7 15 21 30 125 
CHECK 009 A 0.08 B 006 B 0.21 A 004 B 009 AB 001 A 002 A 
(0.04) (6.00) (0 01) (0 00) (0.00) (0 01) (0 00) (0 00) 
NA 0.10 A 008 B 0.06 A 0.23 A 0.04 B 0.07 B 0.01 A 0.02 A 
(0.04) (0.00) (0 01) (0.01) (0.00) (0.00) (0.00) (0.01) 
NM 0.07 A 0.05 C 0.06 B 0.25 A 005AB 007 B 0.01 A 0.01 A 
(0.01) (0.00) (0 01) (0 06) (0.00) (0 00) (0 00) (0.00) 
SA 0.07 A 014 A 0.10 0.11 B 0.07 A 0.11 A 0.03 A 000 A 
(0.00) (0.01) (0.01) (0 00) (0.00) (0.01) (0.02) (0.00) 
SM 0.03 A 0.02 A 0.00 C O.OOC 0.02 C 0.00 C 006 A 000 
(0.04) (0.00) (0.00) (0.00) (0.01) (0.00) (0.03) (0 00) 
11	 See text for treatment codes. 
2J	 Values are means of duplicate determinations followed by sd in 
parentheses. Means followed by the same letter are not significantly 
different according to Duncan's multiple range test (p=O.05) 
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Table 16 Recovery of alachlor residues over time during Herbicide 
Spill Experiment II. 
% of initial recovered after indicated no. of days'lJ 






















8.2 (3 0) 
118.5 (193) 
78.9 (6.6) 
11 See text for treatment codes. 
2J	 Numbers in parentheses are sd of the means of triplicate determinations. 
As percentages of nominal applications, alachlor recoveries from zero day 
samples were as follows (s.d. in parentheses): NA, 69 (21); NM, 150 (20), SA, 
100 (14); 8M 111 (36). 
Table 17. Recovery of metolachlor, atrazine, and trifluralin during Herbicide 
Spill Experiment II. 
% of initial recovered after indicated 
nominal application ratelJ 
Herbicide	 Day 10 mg/kg 10,000 mg/kg 
Metolachlor 30 43.8 (2.7) 59.3 (12.0) 
90 305 (9.7) 74.3 (10.6) 
182 35.4 (35.7) 49.7 (8.3) 
227 3 2 (2.3) 564 (6.6) 
337 7.7 (1.1) 70.5 (94.2) 
Atrazine 30 428 (3 5) 58.3 (14.6) 
90 243 (5 9) 626 (7 7) 
182 21.1 (23.2) 570 (10 9) 
227 0.0 (0.0) 656 (9 8) 
337 2.7 (1.4) 81.0 (4 6) 
Trifluralin 30 24.4 (24) 28.4 (3 2) 
90 29.4 (9 6) 70.6 (10.1) 
182 26.4 (17.4) 402 (5 1) 
227 30.7 (1.9) 673 (4 6) 
337 21.1 (l0.8) 74.4 (1.8) 
11 Numbers in parentheses are sd of the means of triplicate determinations. 
Zero day herbicide recoveries and respective percentages of nominal 10 
and 1000 J1g/kg applications were as follows (sd in parentheses): 
metolachlor 133 (17) and 132 (25); atrazine, 161 (13) and 110 (26); 
trifluralin 195 (17) and 187 (35) 
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4.8 Screening of Bacteria for Alachlor Degradation 
Twenty-eight bacterial isolates were differentiated on the basis of 
cultural, morphological and biochemical characteristics. An abridged version 
of the test protocol is presented in Table 18. Because of time constraints the 
tests were limited to those that would distinguish between the isolates only. 
Further characterization would be necessary for identification of the isolates. 
In preliminary screening tests, several bacteria showed potential to 
degrade alachlor in one or more media (Table 19). The alachlor concentration 
that was degraded and the rate of degradation varied widely. After one week of 
incubation, about 70% of the added alachlor was removed from cultures of SA3­
1 growing in SEAl and SEAI-D (10 ppm alachlor) media. This isolate also 
removed about 30% of the herbicide from the 100 ppm SEAI-D medium. During 
the same period, >30% of alachlor had disappeared from cultures of SA3-2 and 
C1 growing in YAI-D (l00 ppm alachlor) medium. 
On the basis of relative efficiencies of alachlor removal in preliminary 
screening tests, 15 isolates were retested in duplicate cultures to confirm the 
preliminary observations. The range of media compositions was broadened to 
determine nutrient conditions under which alachlor degradation could be 
optimized 
When alachlor was present as the sale carbon source in a mineral salts 
medium (MS-A1), three isolates, designated as C1, SA3-2 and SA3-3, removed 59, 
45 and 27%, respectively, of a 10 ppm dose from solution after 10 days of 
incubation (Table 20). The disappearance of alachlor from the medium was 
presumed to be cell uptake followed by storage and/or degradation. Three 
other isolates (CCII, C4, and SA3-1) removed 20-27% of a 100 ppm dose of 
alachlor during the same incubation period, but only in media containing soil 
extract (SEAl, SEAI-D, SEAI-D+) or in media containing dextrose and yeast (YAI­
D, YAI-D+) (Table 21). A 10-fold increase in dextrose concentration (i.e, media 
YAI-D+ and SEAI-D+) did not enhance degradation of alachlor at concentrations 
of 10 or 100 ppm. 
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CC 4 s - + - 01­ + - + - - - 4­ 1+ ..... I ..... - + - - nd 
SA2-1 s 
- + - + + - + - - - + + + + - nd - - nd 
CC 1 s - + - + 4­ - + - - - + + 01­ ..... - nd - - -
SA1 s 
- ..... -
+ + - - - - - 01­ 01­ 01­ 01­ 4­ - - - 14-
SA4 ~ 
-
4­ - + + - + - - + + ' ..... + + ..... - - - + 
SA3-3 s - + - + + - + - - - + + + + - - - - + 
SM1 ~ - - - + + + + 4­ ..... ..... - + - + - - -
SM2 s - + - + + - + - - - + + + + - nd - - + 
8M3 ~ - + - + + - + - - - + + '+ 4­ 4­ nrl - - + 
SM4 s 
-
+ - + + - + -
- -




- + - + -I­ - + - - - + + 4­ 4­ - nrl - - -
CCA s 
- + - + + - + - - - + + + + - nd - - -
CC1 ~ -I­ 4­ - 4­
- - + - - - 4­ - + - 4­ nd - - -
CC11 ~ 
- - - + + - + - + - + 4­ + + 4­ nd 
- -
-
CC111 s + -I­ - -I­ - - + - - - ..... -4­ - 4­ nd - - -




CCV ~ - - - + - - + - ..... - 4­ - - - 4­ nd - + -







2A1 so + + - + - + + - + - - - + - nd - - -
11 
Y 
+ = characteristic present; 
morphological arrangement. 
occurring in pairs; 
- = characteristic absent, nd 
s = cells occurring singly; 
= not determined 
p = cells 
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1/	 Glucose or Xylose OfF: refers to a medium that allows differentiation 
between facultatively anaerobic organisms and strictly aerobic organisms 
that oxidize glucose or xylose but do not ferment them. 
Table 19. Preliminary screening of bacteria for alachlor degradation 
% Alachlor removed from solution after 7 days 
of incubation in indicated medialJ 
Isolate lOOMS-AI 100YAI 100YAI-D 10SEAI 10SEAI-D 100SEAI 100SEAI-D 
3Al 16.2 15.0 11.6 0.0 0.0 34.8 272 
CCb/4 4.7 00 15.1 34 0.0 99 22.2 
21MS 0.0 0.0 10.6 0.0 4.8 7.2 34.7 
CH3-1 0.0 0.0 10.6 0.0 4.8 7.2 347 
SM2-2 7.4 8.3 11.2 0.0 9.2 10.6 13.6 
SM3-1 5.2 0.0 12.1 35.6 00 402 265 
SA3-1 5.9 0.0 7.0 70.1 72.6 96 28.8 
SA3-2 00 15.0 33.2 42.0 26.3 13.2 22 1 
Cl 05 IDA 33.1 0.0 0.0 0.0 00 
CC4 26.8 25.6 00 26 6 9.9 23.7 27.6 
SA2-1 0.0 5.2 00 10.8 1.3 247 254 
ccl 10 8 7.3 0.0 30.4 48 29.6 19.8 
SAl 2.4 0.0 1.9 10.7 6.1 23.4 20.6 
SA4 00 0.0 13.9 0.0 51.6 00 72 
SA3-3 21.2 00 26.9 3.8 299 9.4 nd 
SM1 2.8 0.0 0.0 0.0 1.0 1 8 23 8 
SM2 1.4 0.0 14.9 0.0 47.0 3 1 25 5 
SM3 0.0 0.0 57 10 3 4.3 4.4 6.8 
SM4 2.8 26.4 7.4 11.6 0.0 52.1 19 0 
C2 18.7 15 28.0 0.0 0.0 0.0 00 
CCA 5.0 0.1 00 11.1 0.0 14.0 14.7 
CCl 24.1 00 28.8 35.0 60 00 144 
CCll 00 0.0 5.7 0.0 28.9 5.5 59.8 
CC111 0.0 7.8 ndY 0 a 29.7 21.2 13.7 
C4 23.1 0.0 26.5 0.0 0.0 0.0 00 
crv 13.3 0.0 11.4 00 9.8 41.0 41 
CCV11 0.6 0.0 19.2 9.0 0.0 0.0 00 
2AI 0.0 0.0 13.2 29.4 0.0 27.3 4.8 
11 Testing of individual isolates was not replicated during 
consisted of uninoculated media fortified with alachlor; 
expressed as percentage of control. 
this test; controls 
results are 
2J Numbers preceding media indicate 100 or 10 ppm alachlor (AI); MS = 
mineral salts, Y = yeast extract (0.05 gIL); D = dextrose (0 1 gIL), SE = soil 
1J not determined 
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Table 20. Screening of bacteria for degradation of a 10 ppm dose of 
alachlor in various nutrient media. 
%	 Alachlor removed from solution after 10 days of 
incubation with 10 ppm alachlor in indicated medial.! 
Isolate MS-AI YAI·D YAI-D+ SEAl SEAI-D SEAI-D+ 
SA3-1 0.0 0.0 6.8 nd2J nd nd 
SA3-2 45.4 21.1 0.0 23.2 25.4 25.4 
SA3-3 26.5 0.0 0.0 0.0 0.0 00 
SA4 0.0 12.4 16.7 0.0 00 10.3 
2Al 0.0 13.8 0.0 0.0 0.0 1.5 
Cl 58.5 47.4 46.5 38.2 40.7 48.0 
C2 15.3 16.7 26.5 14.7 2.9 00 
C4 13.4 12.2 56.7 12.5 23.3 28 
CCII 12.2 6.1 30.2 12.5 57.9 12.5 
11	 See text and preceding table for media designation and description of 
controls~ D = dextrose 0.1 gIL; D+ = dextrose 1.0gIL 
2.J	 not determined 
4.9 Screening of Fungi for Alachlor Degradation 
Four fungal strains were isolated on agar preparations containing 
alachlor. On the basis of spore morphology and colony characteristics one of 
the isolates (CCF-l) was tentatively identified as Fusarium sp. This fungus and 
another isolate~ CCF-2~ degraded more than 70% and 50% respectively of a 100 
ppm dose of alachlor after 2 weeks of incubation in PYAI (Table 22). About 
18% of the chlorine in alachlor was released as chloride in both cultures after 
14 days. Neither isolate degraded alachlor when the herbicide was present as a 
sole carbon (C) source (100 ppm) in mineral salts medium. 
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Table 21. Screening of bacteria for degradation of a 100 ppm dose of 
alachlor in various nutrient media. 
% Alachlor removed from solution after 10 days of 
incubation with 100 ppm alachlor in indicated medialJ 










































































































1)	 See text and preceding table for media designation and description of 
controls, D = dextrose 0.1 gIL; D+ = dextrose 1 Og/L 
2J	 not determined 
Table 22.	 Alachlor degradation by 2 fungal isolates in mineral salts-alachlor 
and peptone/yeast extract-alachlor media. 
Alachlor remaining in solution Chloride formed 
after indicated number of days after 14 days 
(% of total in 
Isolate 1/ Medium 0 3 7 14 added alachlor) 
CCF-1	 MS-AI 94.5 72.2 101.0 84.5 
PYAI Y 993 57.4 39.9 28.0 17.7 
CCF-2	 MS-AI 872 74.6 99.3 102.6 
PYAI b 897 60.6 57.9 44.4 18 5 
U	 CCF-I has been tentatively identified as Fusarium sp. 




4.10	 Effect of Organic Amendments and Soil Inoculation on 
Microbial Ecology and Alachlor Degradation in Soil 
4.10.1 Experiment No. l--Effects on Degradation 
Degradation of a 100 ppm dose of alachlor was enhanced when the soil 
was amended with com and soybean residues (Table 23). After 56 days of 
incubation about 94 and 83% of the alachlor were degraded in Cs and S+N­
amended soils, respectively, compared with about 40% degradation in the 
unamended soils. In soils amended with Cs alone, degradation was slower than 
in soils with Cs and S+N (72% compared to 96-97%) but was still significantly 
higher than degradation in the unamended soil. 
Inoculation of soil with CCF-l alone did not enhance the degradation of 
alachlor, but the combination of inoculum and organic amendment, compared 
to organic amendments alone, slightly enhanced degradation. This additional 
enhancement was more pronounced in the S- and S+N-amended soils than in 
the Cs soils. 
After 56 days of incubation, degradation of 1000 ppm alachlor did not 
exceed 35% in any soil treatment. About 33% of the applied alachlor was 
degraded in the inoculated, Cs-amended soil after 28 days, but no further 
degradation was observed thereafter (Table 24) In nearly every two-way 
comparison, alachlor degraded significantly faster in the 100 ppm treatments 
than in the 1000 ppm treatments. 
Table 23.	 Soil amendment and fungal inoculation experiment no. 1; 
degradation of a 100 ppm dose of alachlor in soils amended with 
com and soybean stubble and inoculated with a fungal isolate. 
Percentage Alachlor Recovered 
Soil Treatment Days of IncubationlJ 
Amendment Inoculation o 14 28 56 
none no 117 A 97 A 63 A 
co rn no 108 BC 56 B 24 C 
soybean no 104 C 68 B 42 B 
soybean+N no 112 AB 65 B 26 C 
none yes 115 A 84 A 63 A 
corn yes 108 A 38 C 23 C 
soybean yes 97 A 55 B 37 B 
soybean+N yes 109 A 53 B 22 C 
11 Means followed by the same letter within an inoculation group are not 
significantly different according to Duncan's multiple range test (p=O.05) 
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Table 24.	 Soil amendment and fungal inoculation experiment no. 1; 
degradation of a 1000 ppm dose of alachlor in soils amended with 
com and soybean stubble and inoculated with a fungal isolate 
Percentage Alachlor Recovered 
Soil Treatment Days of Incubation.lJ 
Amendment Inoculation 0 14 28 56 
none no 119 A 96 BC 81 A 87 A 
corn no 123 A 87 C 73 A 83 A 
soybean no 128 A 116 A 79 A 84 A 
soybean+N no 113 A 105 A 99 A 88 A 
none yes 114 A 89 A 102 A 86 A 
corn yes 109 A 79 A 67 C 67 A 
soybean yes 95 A 77 A 82 BC 75 A 
soybean+N yes 106 A 96 A 89 AB 77 A 
lJ	 Means followed by the same letter within an inoculation group are not 
significantly different according to Duncan's multiple range test (p=0 05). 
4.10.2 Experiment No. l· .. Effects on Microbial Ecology 
Amended soils generally contained a higher initial bacterial population 
than unamended soils, which increased during the first two weeks of 
incubation (Table 25). After 14 days, bacterial counts in the amended soils 
were up to 3 orders of magnitude greater than in the unamended soils 
incubated over the same period, as well as in the corresponding amended soils 
on day zero. 
Soil enzyme activities were not affected by 100 ppm alachlor (Table 25). 
In contrast, 1000 ppm alachlor caused significant depression in 
dehydrogenase activities. The depression was observed immediately on day 
zero in unamended and S-amended soils and became evident in Cs- and S+N­
amended soils after 14 days (Table 25). Enzyme depression on day 0 was 
probably an artifact resulting from soil storage prior to analyses, as explained 
in Section 4.7.2 (HSE II). Esterase activity and bacterial and fungal counts 
were practically unaffected by the concentration of alachlor. 
In 100 ppm treatments inoculated with CCF-l, amendment with com 
stubble caused a marked increase in the activities of dehydrogenase and 
esterase enzymes, especially on days 0, 14, and 56 (Table 25) Dehydrogenase 
activity also increased in S+N-amended soils, but its activity in soils amended 
with S alone was not different from that in unamended soils. Dehydrogenase in 
uninoculated Cs and S+N-amended soils were generally higher than in the 
corresponding unamended soils. 
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Table 25. Microbial numbers and enzyme activity in soils amended with 
corn and soybean stubble and inoculated with a fungal isolatelJ. 
Microbial Numbers Enzyme Aetiyity 
bacteria fungi dehydrogenase esterase 
Soil Treatment21 (cells x109) (cfu x 104) (J.lg TF/g) A590 x 10-2/ g 
Day 0 
0 Un Uninoc 2 (1-4) 2 (0.3) 174 (33) 0.0 (0.0) 
100 Un Uninoc 10 (6-34) 3 (0.2) 119 (14) 1.4 (0.7) 
100 Un In 1 (1-3) 3 (0.1) 169 (25) 5.5 (1.0) 
1000 Un Uninoc 30 (14-83) 3 (0.5) 84 (14) 7.3 (0 5) 
1000 Un In 3 (1-8) 3 (0.2) 49 ( 3) 7.9 (l 2) 
0 Cs Uninoc 8 (3-20) 30 (0.5) 225 (50) 29.5 0.5) 
100 CS Uninoc 10 (4-26) 20 (0.4) 328 (29) 38.5 (1 1) 
100 Cs In 20 (10-61) 20 (0.3) 275 (55) 36.2 (0 1) 
1000 Cs Dninoe >70 ndll 145 (89) 36.2 (1 2) 
1000 Cs In >70 30 (0.5) 223 (22) 37.3 (1 8) 
0 S Dninoe 20 (l0-61) 10 (0.3) 94 (23) 345 (0 8) 
100 S Uninoe 8 (3-20) 10 (004) 144 (22) 379 (23) 
100 S In 2 (1-4) 10 (0.3) 115 ( 8) 479 (8 3) 
1000 S Dninoc 2 0-6) 3 (0 5) 61 ( 7) 34.7 (0.6) 
1000 S In 50 (20-119) 5 (0.5) 59 (16) 367 (l 4) 
a S+N Dninoc 70 (28-172) 3 (0.3) 202 (30) 229 (2 1) 
100 S+N Uninoe 70 (28-172) 4 (0.5) 236 (25) 23.4 (2 6) 
100 S+N In 20 (10-61) 8 (0.2) 249 (17) 245 (3 3) 
1000 S+N Dninoe 20 (10-61) 4 (0.6) 237 (51 ) 27.4 (0 6) 
1000 S+N In >70 3 (0.2) 207 (86) 25.3 (1.8) 
Day 14 
a Un Uninoe 60 (0-1) nd 161 (19) 5.9 (0.3) 
100 Un Uninoe 1 0-3) 2 (0.3) 181 (23) 0.0 (0 0) 
100 Un In 0.8 (0-2) 2 (0.5) 177 (25) 0.0 (0.0) 
1000 Un Uninoe 3 (1-8) 2 (0 3) 26 ( 4) 0.0 (0.0) 
1000 Un In 2 0-4) 0.8 (0.1) 51 (19) 0.000 (0 0) 
0 Cs Dninoe 1000 (555-3384) nd 175 (11) 0343 (1.6) 
100 Cs Dninoe >7000 22 (0.3) 193 (13) 0.303 (0 5) 
100 Cs In 3000 (1360-8299) 17 (004) 287 (45) 0.308 (24) 
1000 Cs UniDoe 5000 (1951-11905) 19 (0.2) 73 ( 5) 0330 (1.7) 




Table 25. (Continued) 
Microbial Numbers Enzyme Activity 
bacteria fungi dehydrogenase esterase 
Soil TreatmentlJ (cells x109) (cfu x 1(4) (Jlg TF/g) A590 x 10-2/g 
0 S Uninoc 200 (70-427) nd 93 (5) 41.4 (0.9) 
100 S Uninoc 1000 (425-2594) 2 (.2) 122 (21) 24.2 (1.0) 
100 S In 400 (173-1057) 4 (.3) 104 (19) 22.0 (01) 
1000 S Uninoc 5000 (1951-11905) 2 (.3) 35 (4) 32.4 (00) 
1000 S In 60 (24-144) 2 (.2) 58 (17) 13.4 (1.7) 
0 S+N Uninoc 40 (17-104) nd 166 (32) 32.8 (3.1) 
100 S+N Uninoc 100 (54-329) 2 (.7) 124 (22) 4.8 (l 9) 
100 S+N In 100 (54-329) 1 (.1) 255 (50) 26.3 ( 6) 
1000 S+N Dninoc 300 (125-763) 3 (.3) 38 (4) 5.6 (.7) 
1000 S+N In 30 (12-76) 2 (6) 34 (3) 294 (1.3) 
Day 28 
0 Un Uninoc 10 (5-33) 3 ( 3) 120 (76) 83 (.9) 
100 Un Uninoc 20 (7-43) 3 (.6) 95 (30) 4.0 (.4) 
100 Un In 4 (2-10) 10 (.1) 211 (41) 4.5 (.2) 
1000 Un Dninoe 20 (7-43) 2 (.2) 11 (2) 1.0 (1 0) 
1000 Un In 6 (2-14) 3 (.3) 25 (3) 2.6 (1 4) 
0 Cs Uninoc 10 (5-33) 20 (.2) 307 (62) 369 (3 8) 
100 Cs Uninoc 60 (24-144) 20 ( 1) 199 (19) 45.9 (1.0) 
100 Cs In 20 (7-43) 20 (.4) 183 (24) 33.4 (0.2) 
1000 Cs Uninoe 200 (93-566) 20 ( 2) 67 (14) 44.3 (0.4) 
1000 Cs In 4 (2-10) 20 (.3) 64 (17) 362 (0 1) 
0 S Uninoe 10 (5-33) 20 (.2) 117 (16) 36.7 (5.8) 
100 S Uninoc 10 (5-33) 6 (.5) 83 (16) 16.3 (0 4) 
100 S In 2 (1-6) 10 (.2) 66 (16) 14.2 (2 0) 
1000 S Uninoc 20 (7-43) 24 ( 9) 10.1 (2.6) 
1000 S In 20 (9-56) 5 (.5) 46 (18) 14.8 (1.0) 
0 S+N Uninoe 10 (5-33) 4 (.5) 223 (33) 31.8 (0 4) 
100 S+N Uninoe 60 (24-144) 2 (.2) 201 (26) 13.9 (3.5) 
100 S+N In 100 (41-252) 4 (.1) 247 (25) 302 (6 3) 
1000 S+N Dninoe 800 (322-1966) 3 (.3) 45 (15) 10.0 (1.0) 
1000 S+N In 8 (3-19) 3 (.5) 54 (18) 275 (2 1) 
Day 56 
0 Un Uninoc 0.3 (0-1) 2 (.2) 226 (25) 25 (2.2) 
100 Un Uninoc 2 (1-4) 3 (.4) 181 (11) .3 (1.0) 
100 Un In 2 (1-4) 2 (.5) 186 (34) .1 (0 0) 
1000 Un DniDoe 8 (3-19) 0.8 (.2) 11 ( 3) 00 (0 0) _ 
1000 Un In 10 (4-25) 4 (.1) 12 ( 1) 0.0 (0 0) 
(Continued) 
49 















0 Cs Uninoe 60 (24-144) 13 (.1) 216 (12) 26.7 (3.5) 
100 Cs Dninoe 60 (24-144) 27 (.4) 205 (23) 22.6 (2 1) 
100 Cs In 170 (70-427) 30 (.2) 208 ( 9) 25.8 (l 5) 
1000 Cs Uninoe 170 (7-43) 8 (.3) 48 ( 9) 292 (0.6) 
1000 Cs In 310 (125-763) 14 (.5) 44 ( 9) 254 (1.6) 
0 S Dninoe 3 (1-8) 13 (.1) 102 21.1 (0 3) 
100 S Dninoe 10 (4-25) 13 (.5) 52 ( 3) 9.5 (3 7) 
100 S In 6 (2-14) 4 (.3) 100 ( 6) 13.9 (4 4) 
1000 S Uninoe 4 (2-10) 0.5 (.3) 15 ( 3) 13 1 (1.1) 
1000 S In 3 (1-8) 2 (.4) 16 ( 4) 14.9 (0.7) 
0 S+N Dninoe 31 (12-76) 2 (.8) 206 ( 3) 166 (0.8) 
100 S+N Dninoe 13 (5-33) 4 (.1) 133 (33) 20.0 (04) 
100 S+N In 23 (9-56) 21 (.3) 219 (72) 10.6 (1.9) 
1000 S+N Dninoe 31 (12-76) 2 (.2) 33 ( 9) 8.7 (0 9) 
1000 S+N In 10 (4-25) 3 (.1) 31 (28) 10.6 (0.7) 
11	 Numbers in parentheses are 95% confidence intervals for bacterial 
numbers and standard deviations for fungal numbers and enzyme activity 
2J	 Soil treated with 0, 100, or 1000 ppm alachlor, Un :::: unamended; Dninoe :::: 
uninoculated; In:::: inoculated; Cs :::: com stubble; S :::: soybean stubble, S+N :::: 
soybean with extra nitrogen added 
lJ	 Not determined. 
4.10.3 Experiment No. 2--Effects QD DeeradatiQD 
Analysis of variance indicated that initial concentrations of alachlor 
recovered after application did not differ significantly among the amendment 
and age treatments. Within 28 days, significantly less alachlor was recovered 
from unsterilized soils amended with corn than from unamended natural soils 
and amended or unamended sterile soils (Table 26). By 56 days in aged soils, 
about 5% of the initial alachlor was recovered from com-amended soils but 26­
30% was recovered from unamended soils (Table 27). In freshly treated soils 
about 15% of the initially applied alachlor was recovered from com amended 
soils compared to 47-59% from unamended soils This comparatively rapid 
degradation of alachlor in aged and freshly treated unsterilized soils occurred 
regardless of inoculation with a fungal isolate (Table 28, note the analysis of 
variance for the inoculation class variable). 
By 56 days in unsterilized soil, significantly less alachlor was recovered 
from several aged soil treatments than from corresponding fresh soil 
50 
treatments (Table 27, 28) This difference was also seen in the soils treated 
with propylene oxide. Although alachlor degraded significantly faster in 
unsterilized soils than in sterilized soils, alachlor recovery decreased by 
nearly 50% after 56 days in several of the sterilization treatments (Table 27). 
These observations suggest that alachlor was either partially degraded by 
abiotic mechanisms under laboratory conditions or that it was less extractable 
in all treatments. No degradation was expected in soil sterilized with p. oxide 
because sterilization took place after adding corn, the fungal inoculum, and 
the pesticide. Indeed, the microbiological analysis (next section) showed that 
microbial populations were drastically reduced and dehydrogenase enzyme 
was highly inhibited. On the other hand, some alachlor degradation was 
expected in autoclaved soils because the soils were inoculated and treated with 
pesticide after sterilization. 
Table 26.	 Soil amendment and fungal inoculation experiment no 2; 
recovery of alachlor after 28 days (Jlg alachlor/g soil). 
11Soil Sterilization 













Corn Aged Yes 16 7* * 78 1 n.d. 
None Aged Yes 65.8 73.0 n.d. 
Corn Fresh No 38.4** 79 ° 51.6 
None Fresh No 54.9 90.9 68.1 
Corn Aged No 15.4* * 68.8* * n.d. 
None Aged No 48.8 108.5 n.d. 
11	 Soil was either left unsterilized (natural), treated with propylene oxide 
after addition of com, inoculum, and pesticide, or treated by steam 
sterilization (autoclave) prior to addition of inoculum and pesticide. 
2J	 Fresh soil was treated with Lasso 4EC to yield 100 Jlg alachlor/g soil. Aged 
soil was taken from HSE II in which soil was initially treated with alachlor 
at a rate of 10,000 ppm, incubated for approximately 1 year, and then 
diluted with untreated soil to yield 100 Jlg alachlor/g soil. 
lJ	 Soil inoculated with fungal isolate CCF-1 at the rate of 0.05% (w/w ods). 
11	 ** = mean concentration in amended soil significantly different than 
concentration in unamended soil belonging to the corresponding age and 
inoculation treatment (p ~ 0.01). Zero-day recoveries of alachlor in 
sterilized and unsterilized soil were not significantly different. 
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Table 27.	 Soil amendment and fungal inoculation experiment no. 2; 
recovery of alachlor after 56 days <.... g alachlor/g soil)li. 
Soil SterilizationY 
Amendment Aged Inoculated Natural P. oxide Autoclave 
Corn Fresh Yes 15.9**~ 61.8 55.5 
None Fresh Yes 56.6 102.4 53.6 
Corn Aged Yes 4.0** 70.4* n.d 
None Aged Yes 30.4 54.1 n.d. 
Corn Fresh No 15.0* * 82.2 467 
None Fresh No 46.8 86.6 59.0 
Corn Aged No 4.3** 53.6 n d. 
None Aged No 26.1 47.8 n.d. 
11 See Table 26 for description of experimental treatments. 
2J	 ** = mean concentration in amended soil significantly different than 
concentration in unamended soil belonging to the corresponding age and 
inoculation treatment (p ~ 0.01). Zero-day recoveries of alachlor in 
sterilized and unsterilized soil were not significantly different 
Table 28	 Analysis of variance using SAS General Linear Means Procedure for 
soil amendment and fungal inoculation experiment no 211. 
Day Source	 Degrees of Sum of F value Probability 
Freedom Squares >F 
28	 amendment 1 6318 1 36 98 0000 
age 1 241 7 1.41 0.239 
inoculation 1 7 3 004 0.837 
inhi bi tion 2 21930.8 64.18 0.000 
56	 amendment 1 3558.9 18.62 0.000 
age 1 5843.3 30.58 0000 
inoculation 1 201.3 1.05 0309 
inhibition 2 24430.8 63.92 0.000 
lJ	 Dependent variable was Jlg alachlor/g soil; class variables were 
amendment (com or none)~ age (fresh or aged soil), inoculation 




Table 29. Estimates of bacterial and fungal populations and dehydrogenase 
activities in soils from soil amendment/inoculation experiment II. 
Microbial Numbers/g ods Dehydrogenase 
Bacteria Fungi 
TreatmentlJ Day (cells x 109 ) (cfu x 104 ) (f.1g TF/g) 
Un Uninoc 0 0.6 (0.2-1.4) 2.4 (0.2) 85.8 (8.6) 
Un F Uninoc 4.0 (1 7-10.6) 2.8 (0.9) 142.1 (15) 
Un F In 4.0 (1.7-10.6) >100 188.9 (1 0) 
Un A Uninoc 1.0 (0.5-3.3) 2.7 (0.4) 279 (3.4) 
Un A In 1.0 (0.3-3.3) >100 43.1 (1.0) 
Cs Uninoc 34.0 (13.6-83) >100 184.0 (15.3) 
Cs F Uninoc 340.0 (136-830) >100 50.1 (3.2) 
Cs F In 340.0 (136-830) >100 60.0 (8.8) 
Cs A Uninoc 140.0 (136-830) >100 121.6 (8.4) 
Cs A In 3400 (56-338) >100 188.1 (11.8) 
Un Uninoc 56 0.6 (0.2-1.4) 2.6 (0.0) 125.2 (3 7) 
Un F Uninoc 0.3 (0.1-0 8) 2.2 (0.1) 104.2 (13 4) 
Un F In 0.3 (0.1-0.8) 2.8 (0.2) 178.3 (13 3) 
Un A Uninoc 0.3 (0.1-0 8) 3.2 (0.7) 1823 (11.4) 
Un A In o2 (0 1-0 4) 2.5 (0.5) 152 8 (8.6) 
Cs Uninoc 4.0 (1.7-10.4) 30.3 (1.2) 1825 (18 7) 
Cs F Uninoc 13.0 (5.4-32.9) 28 a (3.7) 138.9 (14.0) 
Cs F In 4.0 (1.7-10.4) 33.0 (5 9) 182.3 (17.3) 
Cs A Uninoc 250.0 (99-605) 24.0 (0.8) 100.8 (19.4) 
Cs A In 110.0 (43-259) 31.3 0.2) 121.1 (16.1) 
U	 Soils treated 0 or 100 ppm alachlor; Un = unamended, Uninoc = 
uninoculated; In = inoculated; F = freshly applied alachlor; A = aged 
alachlor; Cs = com residue-amended 
4.10.4 Experiment No. 2-·Effects on Microbial Activity 
Only end-point comparisons of microbial numbers and bioactivity were 
made in the second soil amendment/inoculation experiment. Initial bacterial 
counts in Cs-amended soils were 2-3 orders of magnitude higher than in 
unamended soils (Table 29). By day 56, bacterial counts in amended soils 
freshly treated with alachlor had declined apparently IO-fold, but bacterial 
counts in aged soils remained comparatively stable. Initial fungal counts in 
unamended, inoculated soils were at least 3D-fold higher than those in 
unamended uninoculated soils and similar to fungal counts for all Cs-amended 
soils. After 56 days, however, the counts in the unamended, inoculated, and 
uninoculated soils were nearly identical, whereas fungal populations in Cs­
amended soils remained 10-fold higher than unamended soils. 
Zero day dehydrogenase activities varied several-fold among 
treatments, but by day 56 the activities were similar in both amended and 
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unamended soils (Table 29). We have observed previously that measures of 
dehydrogenase activities did not consistently correspond to microbial biomass. 
Neither bacteria nor fungi were detected in autoclave-sterilized samples 
on day zero, but by day 56 the autoclave·sterilized samples had become 
contaminated, presumably because of the weekly aeration of those samples 
(Table 30). Bacteria and fungi were not detected in propylene oxide-sterilized 
samples during incubation, but dehydrogenase activity began to resurge by 
day 56 (Table 31). Some of the degradation of alachlor in the sterilized soils 
(Table 27, 28) may be attributable to microbial contamination. 
4.11 Effect of Concentration and Formulation on Metabolism of 
Radiola beled Alachlor in Soil 
Recovery of 14C in each phase as a percentage of the initially added 14C 
alachlor was not significantly different among the various concentrations or 
formulations within 6 hours of application Nearly all of the 14C was present 
in the organic phase, and the small percentage detected in the aqueous phase 
was probably an artifact from the partitioning process. Less than 2.5 % of the 
added alachlor was recovered in the aqueous phase on day O. 
By day 14, cumulative 14C02 in 100 and 1000 ppm treatments accounted 
for less than 0.3% of the initially added radioactivity. Recovery of 14C and 
parent alachlor from each phase in the 100 ppm technical treatment did not 
differ significantly from the 1000 ppm treatment, but the recovery of 14C and 
alachlor from the BC treatment was significantly lower in the 100 ppm 
treatment than in the 1000 ppm treatment (p~O.O 13 and p~0.005 for the organic 
and aqueous phase, respectively). 
On day 28, cumulative 14C02 in the 10 ppm treatments was higher than 
in the 100 and 1000 ppm treatments but still averaged less than 0.5% of the 
added radioactivity (Table 32) Recovery of radiolabel from the organic phase 
of the 10 ppm treatment was significantly lower than from the 100 or 1000 
ppm treatment (p~0.001). The complete recovery of both parent alachlor and 
14C in the organic phase of the 1000 ppm treatment indicated that alachlor was 
not significantly degraded in 28 days Alachlor was degraded significantly 
more slowly in the 100 ppm treatment than in the 10 ppm treatment (p~0. 00 8 
and 0.000 for recovery of alachlor in the organic and aqueous phase, 
respectively) 
The organic:aqueous phase ratios of 14C showed a nearly logarithmic 
increase from the 10 ppm to 1000 ppm treatments regardless of formulation 
(Table 32). The absence of parent alachlor in the GLC analysis of the aqueous 
phase from the 10 ppm treatments showed that the two-fold difference in 14C 
between the two phases was due in part to production of water soluble 
metabolites The 10 ppm treatment contained nearly twice as much water 
soluble metabolites as the 100 ppm treatment. 
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Table 30. Estimates of bacterial and fungal populations and dehydrogenase 
activities in autoclave sterilized soilslJ. 
Bacterial numbers/g ods Dehydro genase 
TreatmentlJ Day (cells x 109) (Jlg TF/g) 
Un Uninoe o nd2/ 10.7 (5.0) 
Un In nd 6.8 (1.0) 
Cs Uninoc nd 0.4 (0.6) 
Cs In	 nd 6.4 (5.0) 
Un Uninoc 56 17 (7-43) 16.7 (2.0) 
Un In 110 (43-260) 23.7 (4.0) 
Cs Dninoc 140 (55 -340) 14.4 (4.0) 
Cs In 80 (32-200) 28.2 (2.0) 
1 /	 Numbers in parentheses represent 95 % confidence interval for bacterial 
numbers and standard deviations for dehydrogenase activity. 
2J	 See Table 26 for treatment designation 
11	 nd: not detected at soil dilution of 10- 3 
Table 31. Dehydrogenase activities in soils treated with propylene oxide 11 
Dehydrogenase Activity (Jlg TF/g)'JJ 
Treatment2.J Day 0 Day 56 
Un F Uninoc 0.0 (0 0) 1.0 ( 1.0) 
Un F In 1.2 (0.0) 12.0 (8.0) 
Un A Uninoc 1.2 (0.0) 10.1 (9 0) 
Un A In 1 2 (0 0) 13.7 (11 0) 
Cs F Uninoc 0.8 (1.0) 69.8 (29 8) 
Cs F In 0.0 (0.0) 2.7 (1.0) 
Cs A Uninoc 00 (0.0) 3.5 (3.5) 
Cs A In 0.0 (0.0) 11.7 (11.7) 
11	 No bacteria or fungi detected in propylene oxide treated soils at the 10- 3 
dilution. 
2/	 See table 26 for treatment designations. 
11	 Numbers in parentheses are standard deviations of the mean of 3 
observations 
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In summary, recovery of 14C and parent alachlor after 28 days of 
incubation was not affected by formulation but was affected by rate of 
application. Alachlor in the 10 ppm treatment degraded into water soluble 
degradation products significantly faster than in the 100 ppm or 1000 ppm 
treatments. At an application rate of 1000 ppm, alachlor was not degraded in 
28 days. 
Table 32.	 Effect of alachlor concentration and formulation on its degradation 
in soil after incubation for 28 days. 
% of Initially Added Alachlor 
Concentration Phase lJ	 Technical2.1 Emulsifiable.3.J 
10 ppm	 14C organic 25.2 23.3 
14C aqueous 15.2 9 5 
14C02 0.4 05 
14C unextracted 59.2 66.7 
alachlor organic 23.5 25.5 
alachlor aqueous 0.0 0.0 
100 ppm	 14C organic 669 672 
14C aqueous 7.6 5.0 
14C02 0.2 02 
14C unextracted 25.3 276 
alachlor organic 692 76.2 
alachlor aqueous 0.1 0.0 
1000 ppm	 14C organic 113.4 102.6 
14C aqueous 0.9 1.2 
14C02 0.2 0.2 
14C unextracted 0.0 0.0 
alachlor organic 131.4 1192 
alachlor aqueous 0.0 0.2 
1J	 The soil extract was dried and redissolved in methylene chloride which was 
then partitioned with water. After concentration, each phase (organic and 
aqueous) was counted by LSC. 14C02 was trapped in a center well that was 
hung from the stopper of each flask and filled with 2 N KOH Organic and 
aqueous phases were analyzed by GLC to determine parent alachlor 
residues. 
Y Technical grade	 alachlor at 95% purity. 





The main objective of this project was to assess potential problems of 
land-applying herbicide-contaminated soil. In a pilot study conducted during 
the 1986 crop year, the persistence of herbicides in eom and soybean plots 
treated with contaminated soil was difficult to resolve from persistence in 
freshly sprayed plots. During the 1987 crop year, however, persistence of 
alachlor and metolachlor in the top 15 em was significantly longer in the 
waste-treated plots than in the freshly-sprayed plots (Tables 3, 4). Indeed, 
alachlor and metolachlor concentrations after 528 days in 5X-S plots were still 
close to normal rates of application (approximately 2 Jlg/g soil in the top 15 cm, 
Table 4). By 700 days, concentrations had declined but still remained above 1 
ppm. 
Atrazine and trifluralin residues were generally below 0.2 ppm 528 days 
after application of the contaminated soil at a 5X rate and not statistically 
different than other soil treatments (Table 4). Residue recovery, however, 
tended to be higher in 5X-S plots than in the other plots. 
Although herbicide concentrations at the 15-30 cm depth were higher 
in the 5X-S treatments than in the other soil treatments, the differences were 
not statistically significant (except for metolachlor on 380 days); however, 
greater residues of alachlor and metolachlor on days 380 and 528 than on 
earlier sampling days suggested a tendency for leaching from the surface 
(Tables 3, 4). On the other hand the appearance of residues in the 15-30 cm 
depth could have resulted partly from the disking operations during field 
preparation in 1987, and the higher residues in the 5X-S treatments may have 
reflected the prolonged persistence of the herbicides, especially alachlor and 
metolachlor, in waste-pile soil. 
The observations of the comparatively longer persistence of land­
applied alachlor and metolachlor in the field plots was supported by a 
laboratory experiment Soil from waste-pile no. 2 was diluted with untreated 
soil from the soybean CHECK subplots to simulate the land application process 
Dilutions of 10-50% did not stimulate the disappearance of alachlor or 
metolachlor over 42 days (Table 9). Dilution of the contaminated soil by 90% 
did stimulate some disappearance of the herbicides 42 days later (70% for 
alachlor and 50% for metolachlor), which was similar to the slow loss of the 
herbicides from lX-S, 2.5X-S, and 5X-S subplots. In contrast to the acetanilide 
herbicides, atrazine and trifluralin losses seemed to be enhanced by diluting 
soil by 10% or greater with untreated soil. 
Alachlor, metolachlor, and trifluralin residues seemed to be stable in 
the waste-pile soils after the first year of monitoring (Table 1). Atrazine, on 
the other hand, showed a definite trend toward degradation after two years. 
The prolonged persistence of alachlor and metolachlor in the waste-piles was 
supported by the results of experiments simulating herbicide spills. A 10,000 
ppm dose of alachlor alone or in a mixture with equal concentrations of 
metolachlor, atrazine, and trifluralin did not degrade during a year of 
incubation in the laboratory (Table 16). In contrast, a 10 ppm dose, either 
alone or as a mixture with the aforementioned herbicides degraded by 50% in 
less than 30 days. Metolachlor at 10,000 ppm did not seem to degrade during 
the one year incubation period, but at 10 ppm about 60% degraded within 90 
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days (Table 17). Trifluralin and atrazine also showed the same trend for 
prolonged persistence at the high concentration and a tendency for 
degradation at the low concentration. The results from the simulated spill 
experiments suggest that the initially high concentrations of alachlor at Gee 
would be very persistent if efforts had not been made to clean up the 
contaminated soil. 
In experiments using radiolabeled alachlor added to technical or 
formulated alachlor, a 1000 ppm dose did not degrade within 28 days, but a 10 
ppm dose degraded into water soluble metabolites (Table 32). The lack of 
degradation of formulated and technical alachlor at 1000 ppm indicated no 
inhibitory effect solely from the formulation additives. e02 evolution from 
treated soils was very low, which indicated that alachlor degradation was a 
cometabolic process, Le., energy was derived from substrates other than 
alachlor. 
Despite the prolonged persistence of alachlor and metolachlor in the 
field subplots treated with waste-pile soil, no crop injury was observed (Table 
4). Injury to soybeans in 5X-S and 5X-N plots during crop year 1986 was 
ascribed to the presence of comparatively high levels of atrazine (Felsot et al 
1988). During crop year 1987, atrazine concentrations in 5X soybean subplots 
were not significantly different than concentrations in the IX subplots. 
In contrast to the effects on crops during 1987, enough herbicide was 
present in 5X-S soybean subplots to provide greater than 70% control of 
foxtail, velvetleaf, and pigweed (Table 4). The control of velveltleaf and foxtail 
was significantly greater in the 5X-S plots than in the 5X-N plots, which 
further supported the observation of prolonged persistence of alachlor and 
metolachlor in the 5X-S plots. 
During crop year 1988, we recommended that the field plots be released 
to the owner and the remaining waste-piles be thinly spread over the field and 
incorporated. These recommendations were based on a final assessment of the 
herbicide residues in waste-pile no. 2 and a phytotoxicity assay, of soil from 
that waste-pile. The phytotoxicity assay which was conducted in a greenhouse, 
showed no injury to corn or beans in undiluted soil from waste-pile no. 2 and 4 
(Table 5). The lack of toxicity to soybeans in freshly treated soil from along 
the railroad right-of-way was especially important because the atrazine 
concentration was adjusted to simulate the concentration left in waste-pile no 
2. The assay results were congruous with the trend for degradation of atrazine 
in waste-pile no. 2 after two years. 
The prolonged persistence of alachlor and metolachlor in waste-pile soil 
and in the field plots is not characteristic of the comparatively rapid 
degradation of these compounds when used at normal rates of application. 
Alachlor half-life generally ranges from 2-4 weeks (Sharp 1988), and is less 
persistent than metolachlor, whose half-life is highly variable (13-108 days) 
depending on moisture and temperature conditions (LeBaron et a1. 1988). On 
the other hand, several studies have shown that high concentrations of 
pesticides, which are characteristic of waste, are unusually persistent 
(Stojanovic 1972, Wolf et a1. 1973, Davidson et a1. 1980, Junk et al 1984, Schoen 
and Winterlin 1987). 
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Two hypotheses were developed to explain the prolonged persistence of 
alachlor and metolachlor in the wasteMpile soils and in the field plots. First, 
studies of high concentrations of pesticides in soil have shown that microbial 
populations can be severely reduced, which may be the critical factor for 
explaining the prolonged persistence of those chemicals (Stojanovic 1972; 
Davidson et aI. 1980). We hypothesized that the microbial populations in the 
wasteMpile soils were reduced as a result of exposure to toxic concentrations of 
the herbicides. On the other hand, the inhibition of microbial populations 
does not explain adequately the prolonged persistence of the waste-pile soil 
after mixing with uncontaminated soil by land application. The herbicides in 
waste-pile soil could be considered to be aged (Smith et al. 1988), Le., the 
chemicals were in contact with the soil for an extended period of time. Aged 
residues have been shown to be less desorbable (McCall and Agin 1985; 
Sawhney et al. 1988) and in some cases seem to degrade more slowly than 
freshly applied chemicals (Steinberg et aL 1988, Byast and Hance 1981). Thus, 
a second hypothesis, which is not mutually exclusive of the first, ascribes the 
slow degradation of the herbicides to a lack of pesticide bioavailability upon 
aging in the soil. 
To test the proposed hypotheses, experiments focused specifically on the 
effects of alachlor on microbial activity and biodegradation While 
there is overwhelming evidence in the literature that normal rates of 
application of pesticides for agronomic purposes do not generally have long 
term effects on soil microorganisms, the literature relating microbial 
responses to high concentrations of herbicides is quite limited. Development 
of microbiological strategies for decontaminating waste-contaminated soils 
requires an understanding of the microbial responses to the pollutants, the 
breakdown mechanisms that are involved, and the conditions under which 
degradation is optimized. 
In our studies, bacterial and fungal numbers and the activities of 
selected soil enzymes were used as benchmarks for the effects of herbicides on 
microbial ecology. Microbial numbers and activity were consistently lower In 
highly contaminated soils compared to soils with normal field doses, and 
coincidentally, the herbicides persisted longer in the former soils (e g. Table 
10, 12). These observations supported the hypothesis that high concentrations 
of alachlor in the soil caused microbial toxicity. 
In some cases, differences in size of microbial populations seemed too 
small to account for the differences in herbicide persistence between 
different treatment levels. For example in simulated herbicide spill 
experiment II, we observed an initial decrease in microbial numbers in 
contaminated soils; however. bacterial populations had recovered after only 7 
days to levels identical to those in normally treated soils (Table 12) 
Nevertheless, the percentage reduction in alachlor concentration was 
significantly lower in the contaminated soils (i.e. 10,000 ppm dose) than in the 
normally treated soils (i e. 10 ppm dose). 
Dehydrogenase and to a lesser extent esterase enzymes were most 
susceptible to high concentrations of herbicides. The activities of these 
enzymes have been reported to strongly reflect the status of microbial biomass 
in soil (Casida et al 1964; Swisher and Carroll 1980), but our measurements of 
these enzyme activities were not always correlated with microbial numbers 
Some of this discrepancy was expected. The plate count methods that we used 
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in these studies involved dilution of soil samples and plating on agar that did 
not contain the herbicides; in contrast, enzyme assays were performed on 
analogous soil samples incubated in the presence of potentially inhibitory 
levels of the herbicides. Some of the inconsistencies between population size 
and enzyme activity can be attributed to shifts in population size or 
composition of specific microbial communities after our soil treatments. 
According to Stevenson (1962) the TTC dehydrogenase assay does not 
necessarily measure microbial biomass but rather overall respiration 
associated with metabolic activity. Increases in dehydrogenase activity may 
be due to increased numbers or to increased metabolic rates of individuals or 
groups of organisms. 
Traditional agar plate counts may not be suitable indices for evaluating 
microbial responses to large concentrations of some herbicides. A more 
meaningful index may be the simultaneous measurement of total numbers of 
microorganisms and those involved in active metabolism (e.g. Zimmermann et 
al. 1978). The present studies, however, have conclusively demonstrated that 
measurement of dehydrogenase enzyme activities may be used to evaluate 
microbial response to toxic levels of herbicides, especially alachlor. 
Several bacteria and fungi that were isolated from alachlor 
enrichments showed potential to degrade the herbicide in liquid media 
containing different concentrations, with or without nutritional supplements. 
Of particular interest were bacterial isolates CI and SP3-2 that degraded 59 and 
45% respectively of a 10 ppm dose of alachlor when the herbicide was present 
as sale C source in mineral salts medium (Table 20), and CCIl and C4 that 
degraded >20% of 100 ppm alachlor in soil extract media (Table 21) We have 
been studying the possibility of adapting these isolates to efficiently degrade 
progressively higher levels of alachlor through chemostat breeding 
techniques similar to those used for the 2,4,5-T-degrading Pseudomonas 
cepacia (Kellogg et al. 1982) 
While attempting to enhance the degradative capabilities of the more 
promising isolates, we have remained cognizant of the difficulties involved in 
successfully reestablishing any improved strains in the soil. Because of 
repeated failures of genetically engineered organisms to effectively compete 
and perform under field conditions, the emphasis of bioremediation has 
shifted to enhancing the degradative abilities of naturally occurring 
microorganisms (Nicholas and Giamporcaro 1989) This approach usually 
involves addition of specific nutrients at the contaminated site to stimulate the 
activities of indigenous microorganisms (biostimulation), or the addition of 
specifically selected and enhanced microorganisms to assist native microflora 
(bioaugmentation) (Mathewson and Grubbs 1989). 
Our soil amendment/inoculation experiments were a combination of 
both aspects of bioremediation. The experiments were based on an initial 
hypothesis that increasing a soils carbon to nitrogen (C:N) ratio would 
stimulate microbial activity, causing depletion of the soils N, and thereby 
induce the microbial population to attack a less readily available N source like 
alachlor. We also hypothesized that addition of an alachlor-degrading 
Fusarium sp. isolated from our enrichments would augment the degradation 
process. Ground corn and soybean stubble were chosen as organic 
amendments because of their availability in Illinois. Analyses of the 
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amendments indicated that the C:N ratios increased in the order Cs<Cs+N<S. It 
was predicted that alachlor degradation would increase in the order S>S+N>Cs. 
Soil amendment was the most important single factor that enhanced 
degradation of alachlor; the most dramatic enhancement occurred in corn­
residue amended soil fortified with 100 ppm alachlor (Table 23, 27). 
Degradation of 100 ppm alachlor was enhanced to a lesser extent by 
amendments of soybean plus nitrogen or soybean alone. Nutrient 
amendments failed to stimulate the degradation of 1000 ppm alachlor (Table 
24). The effect of the amendments on alachlor degradation did not conform to 
that predicted based on C:N ratios t rathert enhancement was generally related 
to the overall stimulation of microbial activities in the soils. 
Results of the soil amendment experiments in combination with the 
radiolabeled experiments suggested that alachlor was degraded by 
cometabolism rather than mineralization. Supplying extra nutrients caused 
proliferation of indigenous microorganisms that possessed an incidental 
capability for detoxification, which coincidentally caused a decline in the 
observed concentration of the chemical. Upon addition of various organic 
amendments to soil maintained under flooded (or anaerobic) conditions, other 
researchers have reported enhanced biodegradation of recalcitrant 
organochlorine pesticides such as pentachorophenol (Mikesell and Boyd 1988), 
DDT (Mitra and Raghu 1986) and toxaphene (Mirsatari et a1. 1987). Under 
aerobic conditions, glucose and wheat straw have enhanced the 
biodegradation of the asymmetrical triazine herbicide metribuzin, but alfalfa 
residue slowed biodegradation (Pettygrove and Naylor 1985). The process of 
cometabolism underscores the need to understand the types of environmental 
manipulations that are necessary to optimize pesticide degradation. 
Inoculation with Fusarium sp. alone did not enhance the overall 
degradation rate of alachlor t although in one experiment a combination of 
soybean residue plus nitrogen and the fungal inoculum caused a small 
enhancement of degradation (Table 23). On day 14, however, comparatively 
less alachlor was recovered from inoculated soils than from uninoculated soils 
The lack of overall enhancement to fungal inoculation alone may have been 
due to the competition between the inoculum and the indigenous soil 
microflora. The isolate, however, also failed to enhance degradation in soils 
that had been autoclave-sterilized. Some microbial contamination occurred in 
the autoclave-sterilized soils, but its contribution to the poor performance of 
the isolate remains unknown. The temporary increase in alachlor loss on day 
14 in inoculated soils suggested that repeated inoculation of the soil and/or a 
higher rate of inoculum may have allowed enhancement of degradation 
throughout 56 days. 
The second hypothesis explained prolonged persistence of alachlor in 
waste-treated field plots by presuming that the bioavailability of alachlor 
residues was limited by aging. In one experiment, alachlor desorption was 
significantly lower from aged soil than from freshly-treated soil (Table 6). 
This difference in mobility may mean that aged herbicide residues at moderate 
concentrations are less likely to leach than freshly-applied herbicides at the 
same concentration. The effect of highly concentrated t aged residues was not 
tested, but other work has shown that high concentrations of freshly applied 
herbicide leaches in soil columns faster that lower concentrations (Davidson 
et al 1980). 
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Aged residues of alachlor at a concentration 100 ppm in soil degraded 
faster than freshly applied residues (Table 27, 28). This observation tended to 
negate the "aged residue" hypothesis as a causal factor for the slow 
biodegradation in field plots and waste-pile soils. Others have shown that 
aging of the herbicides simazine, trifluralin, and triallate did not affect 
degradation rate (Smith et al. 1988). Thus, the aging effect may have more 
relevance to leaching of pesticide waste than to degradation. 
In summary, the herbicides alachlor and metolachlor exhibited unusual 
persistence in waste-contaminated soil piles and in corn and soybean plots to 
which the contaminated soil had been applied. Laboratory experiments 
validated the observations of prolonged persistence of these herbicides when 
at high concentrations. Lack of biodegradation in heavily contaminated soils 
(1000 ppm or greater) was attributed to reduction in microbial numbers and 
inhibition of enzyme activity. Alachlor alone seemed to exert a toxic effect 
upon the soil microflora at levels above 100 ppm. At a concentration of 100 
ppm, aged alachlor residues degraded even faster than freshly-applied 
materials. Degradation of 100 ppm alachlor in freshly treated soil was 
enhanced by the addition of corn or soybean residues. 
The main conclusion of this project is that land application needs 
further testing before it can be used as a general cleanup practice. For each 
specific site, the composition of the waste needs to be characterized carefully 
and the types of crops must be taken into consideration to avoid phytotoxicity. 
Thinly spreading the waste over a large area may overcome the problems of 
prolonged persistence of the pesticides and dilute the soil enough such that 
the resulting concentrations are not significantly different than background 
For pesticide waste specifically, background would be the residue 
concentrations in agricultural soils following the growing season after 
application. 
The results also suggest that herbicide waste in soil may be detoxified in 
situ if appropriate nutrient amendments are added. Different combinations of 
herbicides and amendments need to be studied At present the concentration of 
the pesticides in the waste may limit the effectiveness of nutrient 
amendments, especially if any of the chemicals or their metabolites are toxic. 
This limitation may be overcome, however, by selecting for microbial strains 
that are resistant to the toxic effects of high concentrations. Additional studies 
are needed to develop methods for quickly enhancing the degradative abilities 
of indigenous microorganisms. Finally, survivability of enhanced isolates 
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